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SUMMARY 

A program has been conducted a t  t h e  Douglas A i r c r a f t  Company o f  t h e  McDonnell 

Douglas Corpo ra t i on ,  under NASA Langley Contract  NAS1-16857, t o  develop t h e  

techno logy  f o r  c r i t i c a l  s t r u c t u r a l  j o i n t s  o f  a composi te wing s t r u c t u r e  

meet ing des ign requi rements f o r  a 1990 commercial t r a n s p o r t  a i r c r a f t .  The 

p r ime  o b j e c t i v e  o f  t h e  program was t o  demonstrate t h e  a b i l i t y  t o  r e l i a b l y  

p r e d i c t  t h e  s t r e n g t h  o f  l a r g e  b o l t e d  composite j o i n t s .  To t h i s  end, t h e  
exper iments f e l l  i n t o  one o f  two c lasses .  The a n c i l l a r y  t e s t  program, o f  

180 specimens, generated da ta  on s t r e n g t h  and l o a d - d e f l e c t i o n  c h a r a c t e r i s t i c s  

which p r o v i d e d  t h e  i n p u t  t o  t h e  j o i n t  a n a l y s i s .  The l o a d  s h a r i n g  between t h e  
f a s t e n e r s  i n  m u l t i r o w  b o l t e d  j o i n t s  was computed by t h e  n o n l i n e a r  a n a l y s i s  

program A4EJ. That  program was used bo th  t o  assess t h e  e f f i c i e n c y  o f  

d i f f e r e n t  j o i n t  des ign concepts and t o  p r e d i c t  t h e  s t r e n g t h s  o f  20 a d d i t i o n a l  

l a r g e  s t r u c t u r a l  j o i n t s .  I n  most cases, the p r e d i c t i o n s  were accu ra te  t o  

w i t h i n  a few pe rcen t  o f  t h e  t e s t  r e s u l t s .  I n  a few cases, t h e  observed mode 

o f  f a i l u r e  was d i f f e r e n t  t han  t h a t  a n t i c i p a t e d  - a lmost  a l l  such ins tances  

i n v o l v e d  de lamina t ions  o f  t h e  s p l i c e  p l a t e s  r a t h e r  than  t h e  s t r o n g e r  n e t - s e c t i o n  

o r  b e a r i n g  f a i l u r e s .  

t o  be a c c u r a t e  enough f o r  des ign purposes. 

of t hese  l a r g e  s t r u c t u r a l  j o i n t s  ( r e p r e s e n t i n g  a s t r i p  f r o m  a wing r o o t  chord- 

w i s e  s p l i c e )  was t h e  c o n s i s t e n t  a b i l i t y  t o  achieve g r o s s - s e c t i o n  f a i l u r e  

s t r a i n s  on t h e  o r d e r  o f  0.005. 

t h e  p r i o r  s t a t e  of t h e  a r t .  
o f  t h e  b e t t e r  unders tand ing  of t h e  l o a d  sha r ing  i n  m u l t i r o w  j o i n t s  p r o v i d e d  
b y  t h e  program A4EJ (developed under U.S. A i r  Force C o n t r a c t  F33615-79-C-3212), 

b u i l d i n g  upon t h e  knowledge acqu i red  du r ing  t h e  e a r l i e r  NASA Langley c o n t r a c t ,  

NAS1-13172, on b o l t e d  j o i n t s  i n  f i b r o u s  composite s t r u c t u r e s .  Both t e n s i l e  and 
compressive l oads  were t e s t e d  and t h e  b o l t  d iameters were 1/4 i nch ,  1/2 i nch ,  

and 3/4 i n c h .  The t y p i c a l  l o a d  i n t e n s i t y  on t h e  s t r u c t u r a l  j o i n t s  was about 

40 t o  45 thousand pounds p e r  i n c h  ( w i t h  a 37 1/2 p e r c e n t  0-degree p l i e s ,  
50 p e r c e n t  f45-degrees and 12 1/2 p e r c e n t  90-degrees, a l l  t h o r o u g h l y  i n t e r -  

spersed and n o t  bunched t o g e t h e r .  

and Ciba-Geigy 914 r e s i n ,  i n  t h e  f o r m  o f  0.010 i n c h  u n i d i r e c t i o n a l  tape.  

A f t e r - t h e - f a c t  r e a n a l y s i s  o f  t hese  cases was a l s o  found 

The r e a l  h i g h l i g h t  o f  t h e  t e s t i n g  

That represents  a c o n s i d e r a b l e  improvement ove r  

The improvement was a t t a i n e d  l a r g e l y  as t h e  r e s u l t  

The composite m a t e r i a l s  a r e  Toray 300 f i b e r  
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1 .O INTRODUCTION 

The safe  and e f f i c i en t  use of advanced composite materials in primary a i r c r a f t  
s t ructure  has become a major topic of research. The principal objective of th i s  
investigation i s  t o  develop and  demonstrate the technology for  c r i t i c a l  s t ruc tura l  
j o in t s  of a composite wing s t ructure  t h a t  meets a l l  the design requirements of a 
1990 commercial transport  a i r c ra f t .  

To f u l f i l l  t h i s  objective,  procedures were developed fo r  j o in t  design and analysis.  
A se r ies  of anci l lary t e s t s  were performed t o  characterize composite bolted jo in t  
behavior and provide empirical d a t a  f o r  the analysis formulas. I n  addition t o  
single-bolt  t e s t s ,  a se r ies  of subcomponent joint  specimens were tested a n d  the 
resu l t s  were compared with analytical predictions fo r  multirow jo in ts  of the same 
configurations. 
be very good,  a n d  the A4EJ computer analysis program was established as an effect ive 
t ~ l  f e r  t h e  d e s i y n  a n d  analyqiq of rnultirow bolted joints  in compos t e  s t ructures .  

The agreement between t e s t  and analysis resu l t s  was found t o  

The work was conducted by Douglas Aircraft Company a t  Long Beach, Ca i forn ia ,  under 
contract t o  NASA Langley Research Center. 
was based includes an ea r l i e r  NASA Langley contract on small bolted coupon t e s t s  

Significant work on which t h i s  research 

in which the f a i l u r e  mechanisms and strengths for  composite laminates adjacent 
t o  b o l t  holes were characterized empirically (Reference 1 ) .  
was followed by a recent contract with the U.S. Air Force Flight Dynamics Laboratory 
a t  W r i g h t  Patterson A F B ,  Ohio, in which one task was t o  develop the A4EJ nonlinear 
computer program for  load-sharing in multirow bolted jo in ts  (Reference 2 ) .  

T h a t  work,  in turn, 

The analysis of load t ransfer  t h r o u g h  mechanically fastened joints in fibrous 
composite laminates must inevitably rely upon some empirically derived input 
based on t e s t  r e su l t s .  This i s  so because fiber-reinforced resins do n o t  f a l l  
as homogeneous one-phase materials, although they are usually modeled as such, b u t  
as heterogeneous materials with two d is t inc t  phases and  an interface.  
in Figure 1 ,  the efficiency of real composite bolted jo in t s  l i e s  roughly halfway 
between analytical  predictions based on purely e l a s t i c  and  perfectly p l a s t i c  
behavior. 
strength of these single-row bolted jo in t s ,  a n d  e i ther  extreme w o u l d  n o t  be 

As shown 

Analysis based on either extreme does n o t  come close t o  predicting the 

1 



acceptable for  design purposes w i t h o u t  some form of major modifications. 
All analyses of  composite bolted jo in t s  re ly  on an empirical correlat ion 
factor  in some form or other. In  the case of the A4EJ analysis program, the 
correlation is achieved by modifying the theoretical  e l a s t i c  s t r e s s  concen- 
t r a t i o n  f a c t o r  a t  each b o l t  hole. 
on the basis o f  t e s t  resu l t s ,  t o  r e f l e c t  a f a i l u r e  mechanism which s t a r t s  
with f iber  pull-out from the resin over a f i n i t e  length i n  the most highly 
strained areas and proceeds t h r o u g h  delaminations around the bolt  holes before 
any f ibers  are broken. 

The s t r e s s  concentration f a c t o r  i s  reduced, 
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The need t o  c h a r a c t e r i z e  t h i s  f a i l u r e  mechanism o f  b o l t e d  j o i n t s  i n  composi tes 
i s  one o f  t h e  reasons why b o l t e d  j o i n t s  o f  v a r i o u s  s i z e s  were t e s t e d  i n  t h e  

anc i  11 a r y  t e s t  program 

d iscussed i n  t h i s  r e p o r t .  

a c q u i r e  l o a d  d e f l e c t i o n ,  o r  s t i f f n e s s ,  measurements t o  p e r m i t  d e t e r m i n a t i o n  
o f  t h e  l oad -sha r ing  between t h e  v a r i o u s  fas tene rs .  These t e s t  r e s u l t s  have 

shown t h a t  an o l d  NACA fo rmu la  f o r  t h e  s t i f f n e s s  o f  b o l t e d  j o i n t s  i n  me ta l  

s t r u c t u r e s  (Reference 3 )  needed o n l y  a minor m o d i f i c a t i o n  t o  account f o r  t h e  
d i f f e r e n t  modu l i  assoc ia ted  w i t h  o r t h o t r o p i c  composite laminates .  

which preceded t h e  subcomponent t e s t i n g  

Another  reason f o r  t h e  t e s t i n g  was t h e  need t o  

The s t i f f n e s s  and f a i l u r e  da ta  generated on s i n g l e  f a s t e n e r  j o i n t s  were used 

s u c c e s s u l l y  t o  p r e d i c t  t h e  f a i l u r e  l o a d  o f  v a r i o u s  s t r u c t u r a l l y  c o n f i g u r e d  

m u l t i r o w  b o l t e d  j o i n t s .  T h i s  r e p o r t  descr ibes a l l  o f  t h e  a n a l y s i s  work and 

t e s t  r e s u l t s  assoc ia ted  w i t h  t h e  subcomponent t e s t  program. D iscuss ions  o f  

t h e  development o f  a n a l y t i c a l  methods and t h e  e v a l u a t i o n  o f  m u l t i r o w  b o l t e d  
j o i n t  per formance are i r ic iuded.  

m u l t i r o w  j o i n t  t e s t  r e s u l t s ,  t h e  A4EJ ana lys i s  p r e d i c t i o n s  f o r  j o i n t  s t r e n g t h  
and l o a d  d i s t r i b u t i o n ,  and t h e  c o r r e l a t i o n  between t h e  two f o r  each c o n f i g u -  

r a t i o n .  

F i i ~ ~ ~ ~ ~ ,  t h e  r e p o r t  przr,entc, 2 r,ummary of t h e  
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2.0 TEST SPECIMENS 

2.1 MATERIALS 

Subcomponent j o in t  t e s t  specimens were fabricated from laminates made of 
carbon-epoxy unidirectional tape consisting of Toray high-strength T-300 
f ibe r s  and Ciba-Geigy 914 res in .  This material system was selected f o r  
several reasons. The 914 res in  was found t o  have a more extensive data base 
t h a n  most o f  the so-called "tough resin" systems. I t  has also been shown t o  
exhibit  good handling character is t ics  f o r  layup. The T-300 generic f ibe r  is 
i n  widespread use throughout the industry. 
as 10 mil tape which consisted of two p l i e s  of 5 mil tape combined by the 
vendor during the preimpregnation process. 

For t h i s  program, i t  was supplied 

The decision to  use "thick" p l i e s  was made i n  consideration o f  the cost 
savings associated with minimizing the number of p l i e s  and  layup operations 
required for thick, composite wing skin s t ruc tu re .  This also reduced the 
fabrication costs of our t e s t  program. 
thicker plies places additional r e s t r i c t i o n s  on the m i n i m u m  gage of balanced 
laminates. Certainly f o r  thin-skinned secondary s t ructure ,  thinner p l ies  
would be preferred. T i t a n i u m  bolts and s t ee l  shear nuts were s t a n d a r d  
throughout the t e s t  se r ies  except where noted. 

I t  should be noted t h a t  the use of 

2 . 2  LAMINATE PATTERN SELECTION 

Two f i b e r  patterns were selected fo r  the overall porgram, including anci l lary 
t e s t ing .  
50-percent f 45-degree, and 25-percent 90-degree p l i e s .  Pattern B consisted 
of 37.5-percent O-degree, 50-percent f 45-degree, and 12.5-percent 90-degree 
p l i e s .  The l a t t e r  was chosen on  the basis of i t s  higher s t i f f n e s s  in the wing 
bending direction and i s  a l i ke ly  candidate f o r  highly loaded w i n g  skin s t ruc tu re .  
Prior t e s t  programs have shown t h a t  b o t h  f i b e r  patterns perform close t o  the 
maximum j o i n t  efficiency t h a t  i s  a t ta inable  (Reference 1 ) .  
based on anci  11 ary t e s t  data, both patterns e x h i b i t  v i r t u a l l y  equal bearing 
strengths and loaded hole tension s t rengths ,  while the unloaded hole strengths 
vary proportionally w i t h  the unnotched laminate a1 lowables. 

One was pseudo-isotropic pattern A consisting of 25-percent O-degree, 

In addition, 
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Balanced l a y u p  sequences p r o v i d e d  0-degree f i b e r s  a t  t h e  l am ina te  su r f  aces t o  

f a c i l i t a t e  l o a d  t r a n s f e r  t o  t h e  bonded end f i t t i n g  doub le rs .  
ang le  changes were p e r m i t t e d  between adjacent  p l i e s  except  a t  t h e  l am ina te  

midplane o f  symmetry. These c o n s t r a i n t s  were aimed a t  a v o i d i n g  induced 

mic rocracks  wh ich  may occur  between s tacks  o f  u n i d i r e c t i o n a l  p l i e s .  Such 
mic rocracks  a r e  known t o  cause edge de laminat ion  problems which cause a 

r e d u c t i o n  i n  s t a t i c  compression s t r e n g t h s  and a s i g n i f i c a n t  l o s s  o f  f a t i g u e  

l i f e  under t e n s i l e  l o a d i n g .  

On ly  5 45-degree 

2.3 FABRICATION 

The subcomponent t e s t  specimens were cons t ruc ted  f r o m  l a r g e  f l a t  pane ls  t h a t  

were l a i d  up and cured  f o r  each f i b e r  p a t t e r n  and l a m i n a t e  t h i c k n e s s .  

s p e c i a l  cu re  c y c l e  was developed t o  min imize exotherm e f f e c t s .  S u f f i c i e n t  

A 

dwe l l  t imes a t  seve ra l  h o l d  temperatures a l lowed any hea t  g 

cont inuous  r e a c t i o n  t o  d i s s i p a t e  throughout  t h e  pane l .  The 

cau l  p l a t e s  were 1/2 i n c h  t h i c k  7075-T6 aluminum r e i n f o r c e d  
The tendency o f  t h i c k  laminates  t o  be t h i c k e r  i n  t h e  c e n t r a  

panel  due t o  p l a t e  bend ing  ( a t  35OoF and 100 p s i )  war ran ted  

p ressu re  p l a t e s .  

The completed pane ls  were C-scanned t o  insure  t h a t  no vo ids  

n e r a t e d  by  t h e  

p ressu re  and 

w i t h  ang le  b a r s .  
r e g i o n  o f  t h e  

these  t h i c k e r  

o r  warpage had 

taken p lace .  
c o n f i g u r a t i o n .  

f a s t e n e r  h o l e s .  

i n  t h e  t h i c k  m a t e r i a l .  The b o l t  ho les  i n  t h e  t e s t  s e c t i o n  were d r i l l e d  w i t h  
t h e  t h r e e  j o i n t  members clamped t o g e t h e r  to  i n s u r e  p roper  h o l e  a l ignment .  

The pane ls  were t h e n  c u t  t o  t h e  p r o p e r  geometry f o r  each j o i n t  
Carb ide t i p p e d  d r i l l s  and reamers were used t o  d r i l l  t h e  

A diamond t i p p e d  b o r i n g  b i t  was used f o r  t h e  l a r g e  end ho les  

B o l t s  f o r  t h e  s leeved i n t e r f e r e n c e  f i t  specimens had a l e a d  t a p e r  ground on t h e  

b o l t  shank t o  f a c i l i t a t e  b o l t  i n s t a l l a t i o n .  I n  a d d i t i o n ,  t h e  b o l t s  and s leeves  
were t r e a t e d  w i t h  an Ann-Ro sur face  p r e p a r a t i o n  and l u b r i c a t i o n  process t o  reduce 

t h e  f o r c e  r e q u i r e d  t o  d r i v e  t h e  b o l t s  through t h e  expansion s leeves .  

i n s t a l l a t i o n  procedure  was a p p a r e n t l y  success fu l  f o r  a l l  b o l t  s i z e s .  

The 

Tapered j o i n t  members were f a b r i c a t e d  by machin ing o r  m i l l i n g  t h e  s u r f a c e  of 

u n i f o r m l y  t h i c k  pane ls  t o  t h e  p roper  dimensions. 

accommodate t h e  fas tene rs  on t h e  surfaces o f  t ape red  members and were achieved 
w i t h  s tandard  machine t o o l s .  

Spot faces  were used t o  
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2.4 CONFIGURATIONS 

The subcomponent t e s t  program c o n s i s t e d  o f  f o u r  b a s i c  m u l t i r o w  j o i n t  c o n f i g u -  
r a t i o n s  t o  be  t e s t e d  f o r  s t a t i c  s t r e n g t h  i n  double shear  f o r  bo th  t e n s i l e  and 

compressive l oad ing .  

r e s u l t s  o f  a s e r i e s  o f  p r e l i m i n a r y  a n a l y s i s  cases u s i n g  t h e  A4EJ program. 

The s e l e c t i o n  o f  j o i n t  geometr ies was based on t h e  

w 
(PI 

(IN.) 

2.15 

2.15 

9.00 
(3.00) 

6.00 
(2.001 

The e n t i r e  s e r i e s  o f  s t a t i c  s t r e n g t h  t e s t  specimens i s  desc r ibed  i n  Tab le  I. 

wld 
bid) 

4.30 

5.751 
4.92 

(4.01 

(4.0. 
3.2) 

TABLE I 
SUBCOMPONENT TEST PROGRAM - SPECIMEN DESCRIPTION 

COMPONENT 
NO. Of SPECIMENS 

LOA0 TYPE CLEARANCE INTERFERENCE SPECIMEN BOLTS PER 
FIT f IT COO€ SPECIMEN 

2 2 JT4Cf 4 

COMPRESSION 1 I JC4dFF I 

TENSION 

COMPRESSION 
4l3mnnw . .  

*-+ TENSION 3 1 JT8Cf 8 1 COMPRESSION I 1 1 1 I JCd: 1 
1 1 JT24Cf 24 

IF 
1 1 JC24CF 

If 

TENSION 1 1 JTlZCf 12 

*=+ 1 COMPRESSION I 1 I 1 I JC12CE I 

d 
(IN.) 

0.500 

0.3751 
0.437 

0.750 

0.5001 
0.625 

1 
LAM 
(IN.] 

0.832 

0.832 

0.996 

0.996 

I n  a d d i t i o n  t o  these specimens, t h e r e  were t h r e e  specimens des igned t o  measure 

h o l e  wearout i n  f a t i g u e  l o a d i n g .  Tab le  I 1  con ta ins  a l i s t  o f  d e t a i l e d  drawings.  

A l l  o f  t h e  m u l t i r o w  j o i n t  specimens were f a b r i c a t e d  f r o m  lam ina tes  of t h e  
P a t t e r n  B layup sequence (37.5% Oo, 50% +45O, 12.5% 90'). 

chosen because i t  was cons ide red  more r e p r e s e n t a t i v e  o f  h i g h  aspec t  r a t i o  
composite w ing  s k i n  s t r u c t u r e .  
from t h e  pseudo- i so t rop i c  l ayup  P a t t e r n  A. 

T h i s  p a t t e r n  was 

The t h r e e  h o l e  wearout  specimens were made 



T A B L E  I1  

SUBCOMPONENT T E S T  SPECIMEN D E S I G N A T I O N  

DRAWING NO. 

Z JO 

Z J O  

1263 

1264 

I 
Z J O l l 2 6 4  

ZJO: 

Z J O '  

265 

265 

SPECIMEN 
CONFIGURATION 

- 1  

- 501 

- 503 

- 505 

- 507 

- 509 

- 511 

- 513 

- 1  

- 503 

- 507 

- 511 

- 501 

- 505 

- 509 

- 513 

- 515 

SPECIMEN 
CODE 

HOLE WEAROUT 

J T 1 2 C F  

JT12IF  

J C  1 2 C F  

J C 1 2 I F  

J T 2 4 C F  

JT24li- 

J C 2 4 C F  

J C 2 4 I F  

JT4 I F 

J T 4 C F  

jc41f 

J C 4 C F  

JT81 F 

J T 8 C F  

J C 8 I  F 

J C 8 C F  

J T 8 C F  #3* 

*Reworked 
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2.4.1 4 -Bo l t  J o i n t  (25011265) 

The 4 - b o l t  specimen i s  a two-row j o i n t  w i t h  u n i f o r m l y  t h i c k  s p l i c e  p l a t e s  as 

shown i n  F i g u r e  2. The c e n t r a l  s k i n  and s p l i c e  p l a t e s  a re  0 .832 - inch - th i ck  

and 0 .50 - inch - th i ck ,  r e s p e c t i v e l y .  W i th  a w i d t h  of  2.15 i nches  and 0 .50- inch  

d iameter  b o l t s ,  t h e  w/d r a t i o  i s  4.30. The i n t e r f e r e n c e  f i t  f a s t e n e r  system 

f o r  t h i s  c o n f i g u r a t i o n  c o n s i s t e d  o f  a 7/16 i n c n  b o l t  d r i v e n  i n t o  a s t e e l  

s l e e v e  which was 1 /32 - inch - th i ck .  S t r a i n  gages were mounted a t  t h e  c e n t e r  

o f  b o t h  edges on t h e  two s p l i c e  p l a t e s  t o  m o n i t o r  g r o s s - s e c t i o n  s t r a i n  

l e v e l s  th roughout  t h e  t e s t .  

Each o f  the subcomponent t e s t  specimen c o n f i g u r a t i o n s  i n c l u d e d  a t  l e a s t  one 

specimen f a b r i c a t e d  w i t h  i n t e r f e r e n c e  f i t  f a s t e n e r s .  F i g u r e  3 desc r ibes  
t h e  general  arrangement and s p e c i f i c  d imensions o f  t h e  i n t e r f e r e n c e  f i t  

fas tener  system used th roughou t  t h e  t e s t  program. The s t e e l  s leeves  extended 

beyond the o u t e r  l am ina te  su r faces  t o  p r o v i d e  a u n i f o r m  b o l t  b e a r i n g  s u r f a c e .  
Washers which were t h i c k e r  t h a n  t h i s  e x t e n s i o n  were used t o  a v o i d  "bo t tom ing  

o u t "  o f  the b o l t  head a g a i n s t  t h e  s leeve  so t h a t  t h e  clamp-up f o r c e s  were 

a p p l i e d  d i r e c t l y  t o  t h e  composi te j o i n t  members. 

2.4.2 8-Bo1 t Tapered J o i n t  ( ZJOl1265) 

The 8 - b o l t  j o i n t  i s  a s i n g l e  column specimen w i t h  f o u r  rows of b o l t s  on each 

s i d e .  

row t o  the  ends of t h e  s p l i c e ,  as shown i n  F i g u r e  4. The c e n t r a l  s k i n  
t h i c k n e s s  f o r  t h i s  specimen was 0.832 i n c h .  The s p l i c e  p l a t e  t h i c k n e s s  ranged 

f r o m  0.50 i n c h  a t  t h e  c e n t e r  o f  t h e  j o i n t  down t o  0.06 i n c h  a t  t h e  t i p .  There 

were a t o t a l  o f  s i x  specimens t e s t e d  i n  t h i s  c o n f i g u r a t i o n ,  f o u r  o f  them i n  

t e n s i l e  loading.  A l l  b u t  one had 3 /8- inch-d iameter  b o l t s  f o r  t h e  f i r s t  t h r e e  

rows, and 7/16- inch-d iameter  b o l t  a t  t h e  i n t e r i o r  rows. One specimen was 

reworked so t h a t  t h e  f i r s t  t h r e e  rows o f  b o l t s  were 7/16- inch-d iameter ,  w h i l e  

t h e  i n t e r i o r  rows con ta ined  1/2 i n c h  b o l t s .  A l l  specimens used t i t a n i u m  b o l t s  

w i t h  t h e  except ion  o f  t h e  reworked specimen which had s t e e l  b o l t s  o f  t h e  l a r g e r  

s i z e s .  The tape red  su r faces  o f  t h e  s p l i c e  p l a t e s  were spot - faced t o  p e r m i t  

p r o p e r  sea t ing  o f  t h e  b o l t  heads and n u t s .  
t h e  nominal w/d r a t i o s  were 5.75 f o r  t h r e e  rows and 4.92 f o r  t h e  i n n e r  row. 

The corresponding va lues  f o r  t h e  reworked specimen were 4.92 and 4.30. 

The s p l i c e  p l a t e s  a re  tape red  l i n e a r l y  f r o m  j u s t  beyond t h e  i n n e r  b o l t  

Wi th  a pane l  w i d t h  of 2.15 inches ,  
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Of t h e  s i x  specimens i n  t h i s  c o n f i g u r a t i o n ,  one t e n s i o n  and one compression 

specimen were f i t t e d  w i t h  i n t e r f e r e n c e  f i t  f a s t e n e r s .  
r e p l a c e d  by 1 /32 - inch - th i ck  s leeves  which were f i l l e d  w i t h  5/16 i n c h  b o l t s .  

The same s leeve t h i c k n e s s  was used i n  7/16 i n c h  and 1/2 i n c h  ho les  a long  w i t h  

3/8 i n c h  and 7/16 i n c h  b o l t s ,  r e s p e c t i v e l y .  

The 3/8 i n c h  b o l t s  were 

Four  of the s i x  8 - b o l t  specimens were equipped w i t h  18 s t r a i n  gages mounted 

a long  t h e  l e n g t h  o f  t h e  j o i n t  on b o t h  s i d e s  o f  t h e  c e n t r a l  s k i n  member and 

one s p l i c e  member. These gages were l o c a t e d  midway between t h e  b o l t  rows. 

A d d i t i o n a l  gages were mounted away f r o m  the  b o l t s  i n  a l l  t h r e e  member t o  

v e r i f y  the  1 ack o f  bend ing  de format ions .  

2.4.3 12-Bo l t  J o i n t  (25011264) 

The 12 -bo l t  j o i n t  c o n f i g u r a t i o n  was s i m i l a r  t o  t h e  4 - b o l t  specimen, u s i n g  

u n i f o r m l y  t h i c k  s p l i c e  p l a t e s  w i t h  t h e  f a s t e n e r s  a r ranged i n  two rows and 

t h r e e  columns as i n  F i g u r e  5. The base lam ina te  was 1 . 0 - i n c h - t h i c k ,  w i t h  

s p l i c e  p l a t e  th i cknesses  o f  0.67 i nch .  

b o l t s  spaced 3.0 inches between columns across t h e  o v e r a l l  w i d t h  of 9 .0  i nches  

The p /d  r a t i o  ( p i t c h - t o - d i a m e t e r )  was 4.0. The i n t e r f e r e n c e  f i t  specimen used 
5 /8- inch-d iameter  b o l t s  d r i v e n  th rough  1 / 1 6 - i n c h - t h i c k  s t e e l  s leeves  t o  fill 

t h e  3/4 inch  b o l t  h o l e s .  

i n  t h e  4-bo1 t c o n f i g u r a t i o n .  

The f a s t e n e r s  were 3 /4 - inch-d iameter  

S t r a i n  gauges were mounted on t h e  s p l i c e  members as 

2.4.4 24-Bo l t  Tapered J o i n t  (25011264) 

A 2 4 - b o l t  specimen was t e s t e d  i n  a s i m i l a r  c o n f i g u r a t i o n  t o  t h e  8 - b o l t  specimen. 

The f a s t e n e r s  were arranged i n  f o u r  rows and t h r e e  columns, w i t h  tape red  s p l i c e  

p l a t e s  as shown i n  F i g u r e  6.  The c e n t r a l  s k i n  member was 1 . 0 - i n c h - t h i c k .  The 

s p l i c e  p l a t e  th i ckness  was 0.67 i n c h  a t  t h e  cen te r ,  t a p e r i n g  down t o  0.12 i n c h  

a t  t h e  t i p s .  

were 1 /2 - inch-d iameter .  

of 3.2 a t  t h e  i n t e r i o r  rows, and 4.0 f o r  t h e  o u t e r  t h r e e  rows. 

f i t  specimens o f  t h i s  c o n f i g u r a t i o n  used 7/16 i n c h  b o l t s  w i t h  a s l e e v e  1/32- inch-  

t h i c k ,  and 1/2 i n c h  b o l t s  w i t h  a s leeve  t h i c k n e s s  o f  1/16 i n c h .  The s p l i c e  p l a t e  

sur faces were machine tape red  and s p o t - f a c i n g  was used t o  p r o v i d e  f l a t  sur faces 
f o r  t h e  fas tene r  heads and nu ts .  

The i n t e r i o r  rows o f  b o l t s  were 5 /8 - inch-d iameter ,  w h i l e  t h e  r e s t  

The specimen was 6.0- inches-wide l e a v i n g  a p /d  r a t i o  
The i n t e r f e r e n c e  

12 
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Each of the 24-bolt specimens had 18 s t ra in  gages mounted along the length 
of one s ide of the j o i n t  t o  monitor internal loads. 
between the rows of bolts and i n  the cross-section away from the bol ts  on 
the central  skin member and one sp l i ce  member. 

The gages were located 

2.4.5 Hole Wearout Specimen (25011263) 

The hole wearout specimens were 0.50 x 2.00 inch in cross section with a 
1/2 inch bol t  through each end. The two bolts were loaded i n  double shear by 
s t ee l  plates  a t  each end of the specimen. The pseudo-isotropic Pattern A was 
used f o r  a l l  three specimens. The specimen configuration i s  shown i n  Figure 7.  

2.4.6 Load Introduction - Subcomponent Joints 

The load introduction technique for  the subcomponent tension j o i n t  i s  
i l l u s t r a t e d  i n  Figure 8. 
was suf f ic ien t ly  wider t h a n  the t e s t  section t o  avoid the need f o r  additional 
reinforcement a t  the ends. 
associated w i t h  the larger 12-bolt a n d  24-bolt j o in t s  indicated t h a t  such 
reinforcement was required. This added strength was provided by tapered 
aluminum doublers which were bonded to  each of these specimens to  reinforce 
the pin loaded hole. 

For the 4-bolt and 8-bolt j o i n t s ,  the end j o i n t  

tiowever, ihe higher  iudds dlld yeuii ietr-fc 1 i m f t a t f o n s  

An end j o i n t  proof t e s t  specimen was fabricated t o  insure t h a t  the design was 
su f f i c i en t  t o  carry the high load in tens i t ies  of these j o i n t s .  
(Figure 9 )  was successfully loaded t o  400,000 pounds i n  tension, indicating 
t h a t  the end j o i n t  design was sat isfacoty.  
as i t  was mounted in the t e s t  machine. 

The specimen 

The specimen i s  shown in Figure 10 

Compression specimens were loaded t h r o u g h  standard potted ends as shown in 
Figure 1 1 .  
the specimens. 

The ends were machined f l a t  and paral le l  t o  s t a b i l i z e  and align 

15 
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FIGURE 10. END JOINT PROOF TEST 
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3.0 SUBCOMPONENT JOINT TESTS 

3.1 TEST PROCEDURES 

The subcomponent j o i n t  specimens were t e s t e d  a t  room tempera ture  u s i n g  two 

d i f f e r e n t  t e s t  machines, depending on t h e  specimen c o n f i g u r a t i o n .  The 4 - b o l t  

and 8 - b o l t  specimens w i t h  one column of b o l t s  and 0 .832- inch - th i ck  s k i n s  were 

t e s t e d  i n  a 100,000 pound c a p a c i t y  se rvo -hyd rau l i c  MTS t e s t  machine. 

l a r g e r  1 2 - b c l t  and 2 4 - b o l t  j o i n t s  w i t h  th ree  columns o f  b o l t s  and 1 .0- inch-  

t h i c k  s k i n s  r e q u i r e d  more l o a d  c a p a c i t y  and were t e s t e d  i n  a 1,100,000 pound 

Ba ldwin  t e s t  machine ( F i g u r e  10) .  Tension specimens were loaded th rough t h e  
combina t ion  o f  p i n  l o a d i n g  and c lamping  fo rces  on t h e  end f i t t i n g s .  

specimens were loaded d i r e c t l y  th rough the p o t t e d  ends w i t h  s p h e r i c a l  l o a d i n g  

heads used t o  assure specimen a l ignment  i n  t h e  t e s t  machine. The compression 

specimens were s t a b i l i z e d  across t h e  c e n t e r l i n e  o f  each s i d e  t o  p r e v e n t  an 

E u i e r  Ducki  i r i y  i d i l u r - e  o f  t h e  j o j i i t  o c c i r r i n g  p r j o r  t o  a t r u e  ccmpress ian  

f a i l u r e .  

(machine head t r a v e l )  mode o f  l o a d i n g .  

The 

Compression 

A l l  specimens were loaded t o  f a i l u r e  us ing  t h e  s t r o k e  c o n t r o l  

S i n g l e  channel ,  a x i a l  f o i l ,  r e s i s t a n c e  s t r a i n  gages were bonded t o  each 

r a t i o n .  

l i m i t  j o i n t  s t r e n g t h ,  and i n  10 pe rcen t  i n t e r v a l s  t h e r e a f t e r  u n t i l  f a i l u r e .  

I n  a d d i t i o n  t o  s t r a i n  gage read ings ,  p l o t s  o f  j o i n t  a p p l i e d  l o a d  versus 
machine head t r a v e l  were reco rded  when poss ib le .  

.-..hP7mnn 3 p c L ~ , l , ~ l l  a t  var iws I z c a t i c n s  t h r ~ ~ g h ~ ~ ! t  t h e  j o i n t . ?  depending on t h e  con f igu -  

S t r a i n s  were reco rded  a t  i n t e r v a l s  o f  20 pe rcen t  o f  t h e  p r e d i c t e d  

Spectrum l o a d  data f o r  t h e  h o l e  f a t i g u e  wearout specimens was f e d  i n t o  t h e  

MTS machine l o a d  c o n t r o l  system by  magnetic tape.  No a d d i t i o n a l  i n s t r u m e n t a t i o n  
was r e q u i r e d .  

3.2 TEST RESULTS 

The most s i g n i f i c a n t  r e s u l t s  o f  t h e  subcomponent t e s t  program was t h e  c o n s i s t e n t  

a b i l i t y  t o  reach  g r o s s - s e c t i o n  s t r a i n s  on t h e  o r d e r  o f  0.005 i n  l a r g e  composi te  

b o l t e d  j o i n t s ,  f o r  b o t h  t e n s i l e  and compressive l o a d i n g .  Throughout t h e  s e r i e s  

of t e s t s  a v a r i e t y  o f  f a i l u r e  modes were encountered, some o f  which were 

21 



unan t i c ipa ted .  
o u t e r  p l i e s  o f  t ape red  s p l i c e  members i n  t e n s i o n  t e s t s  wh ich  induced a pre-  

mature tens ion  f a i l u r e  o f  t h e  s p l i c e  p l a t e s  a t  a reduced t h i c k n e s s .  

specimens exper ienced excess i ve  b o l t  bend ing  which o c c a s i o n a l l y  l e d  t o  

b o l t  f a i l u r e ,  p r i o r  t o  t h e  a n t i c i p a t e d  f a i l u r e  o f  t h e  laminate .  

O f  these, t h e  most t roublesome was t h e  de lamina t ion  o f  t h e  

Some 

Subcomponent compression t e s t s  a l s o  d i s p l a y e d  v a r i o u s  modes o f  f a i l u r e .  

phenomena assoc ia ted  w i t h  these f a i l u r e s  ( t o  be e x p l a i n e d  i n  subsequent 
d i scuss ions )  f u r t h e r  v e r i f y  t h e  impor tance o f  i n t e r l a m i n a r  s t r e s s e s  i n  t h e  

performance o f  b o l t e d  composite j o i n t s  under compress ive l oad .  F a i l u r e  of 

t h e  compression j o i n t  s p l i c e  members under bear ing-bypass l o a d  l e v e l s  below 
t h a t  o f  i n i t i a l  p r e d i c t i o n s  suggests t h e  e x i s t e n c e  o f  a new f a i l u r e  mode, 

t h e  source o f  wh ich  s h a l l  a l s o  be d iscussed.  

The 

The e n t i r e  s e t  o f  t e s t  r e s u l t s  i s  p resen ted  i n  Tables I11 th rough V I I ,  

i n c l u d i n g  u l t i m a t e  loads,  s t r a i n  l e v e l s ,  and a b r i e f  d e s c r i p t i o n  of t h e  

f a i l u r e  modes. 
( i f  a v a i l a b l e )  a re  con ta ined  i n  Appendix A .  

S t r a i n  gage d a t a  and l o a d  d e f l e c t i o n  curves f r o m  each t e s t  

22 
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TABLE VI1 
H O L E  WEAROUT TEST RESULTS 

Drawing 25011263 

0.0001 
0.0009 

1 Spectrum r e p e t i t i o n  = 57,849 cyc le s /p ro f i l e  
30 reps. = 1,735,470 cycles  = 2 l i f e t imes  

0.0005 
0.010 

Specimen Number I 1  

Clamping 
Torque ( i n - l b  

Gross Area ( i n 2 )  
a t  Hole 1 

40 40 

I 1.001 I 1.0124 
a t  Hole 2 I 0.9945 

I n i t i a l  Brg  
Area ( i n 2 1  

Hole 1 
H o l e  2 

0.2507 
n ~ 7485 

I 

0.9886 

0.2531 
0.2474 

Peak Loads ( l b s )  
Max 
Min 

13,300 
-2,260 

19,950 
-3,389 

In i  t i  a1 Clearance 
1 
2 

I ,0020 .0028 
I .""" I nnqi 

I . V V L  I 

I I 

Peak Brg Stress (ks i )  

1 1 53.051 I 78.823 
2 53.521 80.639 

Total  Cycles 
(Mi l l i ons )  1 1.7355 I 1.7355 

Hole C1 earance 
Af te r  Test ( i n )  

1 
2 

3 

1.006 
0.9934 

0.2520 
0.2491 

26,955 
-4,579 

. 00 22 

.0077 

106.96 
108.25 

0.3653 

0.0662 
0.0362 

0.064 
0.034 

40 ( 3  reps)  
100 ( t o  f a i l '  
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3.2.1 Tension Tests  

3.2.1.1 4 -Bo l t  Tension Tes ts  
The JT4 t e s t  s e r i e s  was c h a r a c t e r i z e d  b y  e x t e n s i v e  b o l t  bending, and o f  t h e  
f o u r  t e s t s  i n  t h i s  c o n f i g u r a t i o n ,  t h r e e  were u l t i m a t e l y  c r i t i c a l  i n  t h e  

f a s t e n e r s .  

c e n t r a l  s k i n  members, and t h e  f a i l u r e  modes r e s u l t i n g  f rom i n s u f f i c i e n t  b o l t  

s t i f f n e s s e s  were n o t  a n t i c i p a t e d ,  o r  p r e d i c t e d .  Adequate c o s i d e r a t i o n  o f  

t h e  b o l t  d iamete r - to - l am ina te  t h i c k n e s s  r a t i o  ( o r  more a p p r o p r i a t e l y ,  b o l t  

bend ing  s t i f f n e s s - t o - l a m i n a t e  t h i c k n e s s  r a t i o )  i s  war ran ted  f o r  f u t u r e  j o i n t  

des ign  t o  assure t h a t  t h e  f a s t e n e r s  a re  n o t  t h e  weak l i n k .  

These specimens were des igned t o  f a i l  t h e  n e t - s e c t i o n  i n  t h e  

Specimen number JT4CF-503-1 was a c lea rance  f i t  specimen and t h e  f i r s t  t o  be 

t e s t e d  i n  t h i s  c o n f i g u r a t i o n .  

t h e  1/2 i nch  b o l t s  which r e s u l t e d  i n  f a i l u r e  o f  t h e  c a s t e l l a t e d  shear  n u t s  

( a t  a g ross -sec t i on  s t r e s s  o f  40,030 p s i  and g r o s s - s e c t i o n  s t r a i n  o f  .0047) 

wh ich  cou ld  n o t  w i t h s t a n d  t h e  induced t e n s i o n  l o a d  on t h e  f a s t e n e r s .  Wi th  

t h e  consequent l o s s  o f  clamp-up on those  b o l t s ,  t h e y  were then  dragged th rough  

t h e  s p l i c e  p l a t e s ,  w i t h  t h e  massive damage shown i n  F i g u r e  12. 

i n t e r f e r e n c e  f i t  specimens o f  t h i s  c o n f i g u r a t i o n  (JT4IF-1-1, 2 )  e x h i b i t e d  
e s s e n t i a l l y  t h e  same f a i l u r e  mode. 

t e n s i o n  loads on t h e  f a s t e n e r s  (7 /16 i n c h  f o r  i n t e r f e r e n c e  f i t )  l e d  t o  e i t h e r  

a f a i l u r e  o f  t h e  th readed connect ion  between n u t  and b o l t  o r  a corrbined bending- 

t e n s i o n  f a i l u r e  of t h e  f a s t e n e r .  

i n  F i g u r e  13. 

s e v e r e l y  than c learance f i t  f a s t e n e r s  f o r  t h e  same s i z e  b o l t  h o l e .  Gross- 

s e c t i o n  s t resses  a t  f a i l u r e  f o r  t h e  two specimens were 39,240 p s i  ( - 1 )  and 

38,850 p s i  ( - 2 ) .  I n  an a t tempt  t o  surpress  t h e  b o l t  bend ing  f a i l u r e  mode, 

specimen number JT4CF-503-2 was equipped w i t h  l a r g e r  t e n s i o n  nu ts  t o  r e s i s t  

t h e  loads  induced by t h e  now a n t i c i p a t e d  b o l t  bending. T h i s  m o d i f i c a t i o n  

was s u f f i c i e n t  t o  m a i n t a i n  t h e  i n t e g r i t y  o f  t h e  f a s t e n e r s  l o n g  enough t o  

f a i l  t h e  j o i n t  a t  t h e  o u t e r  row of b o l t s  i n  n e t - t e n s i o n ,  as was o r i g i n a l l y  

p r e d i c t e d .  F i g u r e  14 shows t h a t  t h i s  j o i n t  a l s o  s u f f e r e d  e x t e n s i v e  b o l t  

bend ing  be fo re  a n e t - s e c t i o n  f a i l u r e  o c c u r r e d  a t  a g r o s s - s e c t i o n  s t r e s s  of 
42,150 p s i  and s t r a i n  o f  0.005. 

The f a i l u r e  was i n i t i a t e d  by severe  bend ing  o f  

The two 

The combina t ion  o f  h i g h  bend ing  and induced 

The two i n t e r f e r e n c e  f i t  specimens a re  shown 

The i n t e r f e r e n c e  f i t  f a s t e n e r  systems were  t y p i c a l l y  b e n t  more 
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I n  general, t h i s  se r ies  of t e s t s  exemplified the need t o  avoid using 
inadequately s t i f f  fasteners in order t o  minimize the i r  weight, solely 
on the basis of apparent shear strength.  The bending of bolts should also 
be avoided because of i t s  e f f ec t  on laminate bearing strengths.  
bolt  which i s  too  small bends, i t  relieves the through-the-thickness 
clamp-up on the composite laminate which, in t u r n ,  d ras t ica l ly  reduces the 
bearing strength of the laminate on the surface. 
delaminations a t  local bearing s t resses  as low as those for  simple shear 
pins - only about  half of the strength for torqued bolts of larger diameter. 
The i n i t i a l  delaminations resul t ing from th is  phenomenon are v is ib le  in 
Figure 14 ,  the e f fec ts  of which will be discussed in subsequent sections of 
th i s  report .  

As a 

This resu l t s  in 

3 . 2 . 1 . 2  8-Bolt Tension Tests 
The tapered, double-lapped, 8-bolt j o in t  t es t s  a l l  resulted in an unanticipated 
mode o f  f a i i u r e .  lnese jo in is  were ciebiyned i o  f a i :  iii a h<gh-byp;ss, lsw 
bearing load combination with a net-tension f a i lu re  a t  the ou te r  row of 
fasteners in the central skin member. Despite the additional reinforcement 
of the sp l i ce  plates t o  s t i f f e n  them up and so modify the bolt load dis t r ibut ion 
favorably, most of the fa i lures  occurred i n  the sp l ice  plates rather t h a n  in the 

A frequent f a i lu re  mode associated w i t h  the machine-tapered doublers was the 
delamination of the sp l ice  plates ,  as shown in Figures 15 and 16. The prime 
cause of t h a t  mode of f a i lu re  was believed t o  be the spot facing for  the bolt  
heads, nuts, and washers. Tapered washers would be preferred in the future .  
However, the poss ib i l i ty  remains t h a t  t h e  delaminations were in i t i a t ed  a t  
small cracks on the surface due t o  machining, and i t  should be noted t h a t  such 
tapered laminates have been la id  u p  and  cured net by other investigators.  

-I 

-1 . :  , h , l l S  -^ ~ h j ~ h ,  be<i-ig i n  m ; A A l n  n C  +ha canri i , i i rh 
L l lc  I I I I u u I c  b , ,L  d u l l u . r l r l . ,  hac! greater a l l n w a h l P  strengths.  

For three of the four specimens, the fa i lure  occurred when a delamination 
originating a t  the second row of bolts propagated beyond the fourth row. 
This reduced (by approximately 50 percent) the e f fec t ive  area of the spl ice  
members fo r  carrying bypass loads a t  that  most highly loaded row of bol ts .  
A net-section f a i lu re  a t  the reduced thickness followed instantaneously. 
addition t o  premature sp l ice  plates  fa i lures ,  these specimens were also 

In  
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sub jec ted  t o  e x t e n s i v e  b o l t  bend ing .  Specimen number JT8CF-505 shown i n  

F i g u r e  17 was reworked t o  1/16 i n c h  l a r g e r  b o l t  s i z e s ,  and s t i f f e r ,  s t e e l  

b o l t s  were used i n  p l a c e  o f  t i t a n i u m .  T h i s  g r e a t l y  reduced t h e  amount o f  

b o l t  bending wh ich  a l s o  l i m i t e d  t h e  apparent  damage due t o  de lamina t ions  

o f  t h e  s p l i c e  p l a t e  e x t e r n a l  su r faces  and t h e o r e t i c a l l y  i nc reased  t h e  o v e r a l l  

s t r e n g t h  o f  t h e  j o i n t .  

s e c t i o n  f a i l u r e  a t  a reduced t h i c k n e s s  was s t i l l  t h e  mode of f a i l u r e .  S t r a i n s  

a t  f a i l u r e  ranged f r o m  0.0036 t o  0.0048, depending on t h e  onset  and p ropaga t ion  

r a t e  o f  the s u r f a c e  de laminat ions  i n  t h e  s p l i c e  members, r e g a r d l e s s  o f  

f a s t e n e r  d iameter .  

However, t h e  s p l i c e  de lamina t ions  f o l l o w e d  b y  a n e t -  

The JT8IF specimen shown i n  F i g u r e  18 was t h e  i n t e r f e r e n c e  f i t  specimen f o r  

t h i s  c o n f i g u r a t i o n .  

were s u b s t a n t i a l l y  l e s s  s t i f f  i n  bending, r e s u l t i n g  i n  e x t e n s i v e  b o l t  bending 

and s p l i c e  de lamina t ions .  The t e s t  was s topped when one f a s t e n e r  ( t h  r d  f rom 

t h e  end)  f a i l e d  due t o  t h e  h i g h  bending and induced t e n s i o n  loads .  

As was t h e  case f o r  t h e  4 - b o l t  j o i n t ,  these f a s t  ners  

These t e s t s  demonstrated t h e  i n e f f e c t i v e n e s s  o f  machine tape red  doub lers  w i t h  

spo t  f ac ing  f o r  t h e  f a s t e n e r s .  

u l t i m a t e  s t reng ths ,  b u t  t h e y  d i d  g e n e r a l l y  p e r f o r m  as t h e  a n a l y s i s  p r e d i c t e d .  

Improved des ign and manu fac tu r ing  concepts s h o u l d  a1 low subsequent j o i n t s  o f  

t h i s  t y p e  t o  reach t h e i r  p r e d i c t e d  s t r e n g t h s ,  showing t h e  h i g h  l e v e l  of 

e f f i c i e n c y  expected f o r  t h i s  c o n f i g u r a t i o n .  
encountered b y  a l l  o f  t h e  JT8 specimens p rec ludes  a d i r e c t  comparison between 

t e s t e d  and p r e d i c t e d  s t reng ths .  However, s e v e r a l  of these specimens were 

equipped w i t h  s t r a i n  gages (as p r e v i o u s l y  d e s c r i b e d )  t o  m o n i t o r  j o i n t  i n t e r n a l  

loads throughout  t h e  t e s t .  These read ings  were used t o  genera te  h i s t o r i e s  

of t h e  b o l t  l o a d  d i s t r i b u t i o n s  a t  i n c r e a s i n g  l o a d  l e v e l s ,  and a re  compared 

t o  a n a l y s i s  s o l u t i o n s  l a t e r  i n  t h i s  r e p o r t .  

gage readings and l o a d - d e f l e c t i o n  curves f o r  t h i s  s e r i e s  of t e s t s .  

None o f  t hese  specimens reached t h e i r  a n t i c i p a t e d  

The de lamina t ion  f a i l u r e  mode 

Appendix A c o n t a i n s  t h e  s t r a i n  

3.2.1.3 12-Bo l t  Tension Tes ts  

There were two specimens o f  t h e  1 2 - b o l t  c o n f i g u r a t i o n  t e s t e d  f o r  t e n s i l e  l oad ing ,  

and a d i f f e r e n t  f a i l u r e  mode was observed f o r  each o f  them. A tens ion - th rough-  
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t h e - h o l e  f a i l u r e  has been p r e d i c t e d  a t  the o u t e r  row o f  f a s t e n e r s  i n  t h e  

c e n t r a l  s k i n  member. T h i s  i s  c o n s i s t e n t  w i t h  t h e  appearance o f  t h e  f a i l e d  

( c l e a r a n c e  f i t )  specimen, w i t h  a c lean  textbook f r a c t u r e  a t  a gross s t r e s s  

o f  39,330 and a gross  s e c t i o n  s t r a i n  o f  .0042 as shown i n  F i g u r e  19. 

specimen per formance was e s s e n t i a l l y  l i n e a r  t o  f a i l u r e ,  w i t h  no ev idence o f  
b o l t  bend ing  d u r i n g  t h e  t e s t .  

The 

The i n t e r f e r e n c e  f i t  specimen used 5/8 inch b o l t s  w i t h  1/16 i n c h - t h i c k - s l e e v e s  

t o  f i l l  t h e  3/4 i n c h  b o l t  ho les .  

f e rence  f i t  f a s t e n e r s  was aga in  e v i d e n t  i n  t h i s  t e s t ,  when a t  a l o a d  l e v e l  of 

340-345 k i p s ,  t h e  b o l t s  began t o  y i e l d  i n  bend ing .  T h i s  specimen i s  shown i n  

F i g u r e  20. 
above 350 k i p s  and t h e  t e s t  was stopped. The l o a d  l e v e l  b e i n g  so c l o s e  t o  

t h a t  o f  t h e  c lea rance  f i t  specimen suggests t h a t  a n e t - t e n s i o n  f a i l u r e  was 

n e a r l y  achieved.  S t r a i n  gage da ta  f r o m  these iwo ies i s  iiiay be foUiid f i i  

Appendix A. 

The lower bend ing  s t i f f n e s s  of t h e  i n t e r -  

The j o i n t  cou ld  s u s t a i n  b u t  no t  accept  an i n c r e a s e  i n  l o a d  

I t  shou ld  b e  no ted  t h a t  t h e  1 2 - b o l t  c learance f i t  specimen and one o f  i t s  

& b o l t  c o u n t e r p a r t s  were t h e  o n l y  two subcomponent t e n s i o n  j o i n t s  t o  f a i l  w i t h  

Var ious  o t h e r  f a i l u r e  modes prevented  t h i s  f o r  t h e  r e s t  o f  t he  t e n s i o n  specimens. 

ci ea,, , r,&- sectioii fai 1 ui-es : ." +LA ,.n..%+--l 
i l l  Ll IC L t l l L l U I  ski:: as wss o r i g i n a l l y  in.tenc!d. 

3.2.1.4 24 -Bo l t  Tension Tes ts  

The 2 4 - b o l t  j o i n t  specimens were s i m i l a r  t o  t h e  8 - b o l t  j o i n t s  i n  bo th  con f igu -  

r a t i o n  and performance. 
f a i l e d  a t  an a p p l i e d  gross  s t r e s s  o f  43,170 p s i  (.0047 g r o s s - s e c t i o n  s t r a i n ) ,  

when de lamina t ions  i n  t h e  s p l i c e  members propagated beyond t h e  i n n e r  row o f  

b o l t s  and a n e t - t e n s i o n  f a i l u r e  occu r red  th rough  t h e  reduced t h i c k n e s s .  The 

onset  o f  t hese  i n i t i a l  de laminat ions  has n o t  been analyzed. I n  any case, i t  

wou ld  be more f r u i t f u l  t o  l e a r n  how t o  des ign j o i n t s  n o t  s u b j e c t  t o  t h i s  

phenomenon, which i s  b e l i e v e d  t o  have been induced by t h e  s p o t  f aces  a t  t h e  

b o l t  h o l e s  as was t h e  case f o r  t h e  8 - b o l t  j o i n t s  d iscussed e a r l i e r .  

The c lea rance  f i t  specimen (JT24CF) shown i n  F i g u r e  21 
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The presence o f  b o l t  bend ing  p e r s i s t e d  i n  these  specimens, though t o  a much 

l e s s e r  e x t e n t  t han  i n  p rev ious  s i n g l e  column t e s t s .  

f i t  specimen, t h e  i n f e r i o r  a b i l i t y  of t he  s leeve  b o l t s  t o  r e s i s t  bending 

loads  prompted a change f r o m  t i t a n i u m  t o  s t e e l  b o l t s  f o r  t h i s  t e s t .  

F o r  t h e  i n t e r f e r e n c e  

T h i s  m o d i f i c a t i o n  d i d  p r o v i d e  more b o l t  s t i f f n e s s  th roughou t  t h e  j o i n t ,  b u t  

t h e  same f a i l u r e  mode p e r s i s t e d  - s p l i c e  p l a t e  de lamina t ions  f o l l o w e d  b y  

secondary n e t - t e n s i o n  f a i l u r e ,  as shown i n  F i g u r e  22. 
44,170 p s i  and .0049 g r o s s - s e c t i o n  s t r a i n  were somewhat h i g h e r  than  t h e  

c lea rance  f i t  j o i n t ,  b u t  s t i l l  f a l l s  w e l l  w i t h i n  t h e  exper imenta l  s c a t t e r  t h a t  
c o u l d  b e  expected when t h e  mode o f  f a i l u r e  i s  c o n d i t i o n e d  b y  such de lamina t ions .  

The f a i l u r e  s t r e s s  o f  

D e s p i t e  t h e  emergence o f  th,ese unforeseen f a i l u r e  modes, t hese  specimens d i d  

a t t a i n  90 p e r c e n t  o f  t h e  p r e d i c t e d  j o i n t  s t r e n g t h s .  

t h i s  t h a t  t h e r e  a r e  sma l l  b u t  s i g n i f i c a n t  b e n e f i t s  t o  be  r e a l i z e d  by improv ing  

t h e  d e t a i l e d  des ign o r  f a b r i c a t i o n  o f  such s p l i c e s .  But  beyond t h i s  reasoning,  

t h e  l a c k  o f  any c r e d i b l e  method o f  p r e d i c t i n g  these  s u r f a c e  de lamina t ions  o f  
t h e  s p l i c e  p l a t e s  war ran ts  t h e  development o f  a des ign  wh ich  p rec ludes  such 

f a i l u r e s  a l t o g e t h e r .  P lans  f o r  f u t u r e  work i n c l u d e  an i n v e s t i g a t i o n  i n t o  

tape red  s p l i c e  p l a t e  des ign  and f a b r i c a t i o n  concepts.  

One m i g h t  i n f e r  f r o m  

3.2.2 Compression Tes ts  

3.2.2.1 4 - B o l t  Compression Tes ts  

Two subcomponent j o i n t  specimens were t e s t e d  i n  t h i s  c o n f i g u r a t i o n  under 
compress ive l o a d i n g .  The f i r s t  was t h e  JC4CF ( c l e a r a n c e  f i t )  specimen, b u t  

t h e  gross s t r e s s  a t  f a i l u r e  o f  -35,440 p s i  i s  m is lead ing .  The specimen was 

t e s t e d  w i t h o u t  t h e  l a t e r a l  b u c k l i n g  suppor ts  t h a t  were supposed t o  be used f o r  

a l l  compression t e s t s .  The j o i n t  f a i l e d  when i t  began t o  b u c k l e  l a t e r a l l y ,  
d e l a m i n a t i n g  t h e  o u t e r  p l i e s  o f  one s p l i c e  p l a t e  on t h e  compression s ide ,  as 

shown i n  F i g u r e  23. The 1/2- inch-d iarneter  b o l t s  had a l s o  begun t o  bend. Care 

was taken th roughou t  t h e  rema in ing  compression t e s t s  t o  i n s u r e  t h a t  t h e  l a t e r a l  

s u p p o r t  dev i ces  were p r o p e r l y  i n  p lace .  
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F I G U R E  23 ( a ) .  4 -BOLT COMPRESSION SPECIMEN - J C 4 C F - 5 1 1  
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FIGURE 23 ( b ) .  4-BOLT COMPRESSION SPECIMEN - JC4CF-511 (Cont inued)  
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The f a i l e d  JC4IF ( i n t e r f e r e n c e  f i t )  specimen shown i n  F i g u r e  24 f a i l e d  a t  an 
even lower  gross s t r e s s  of -32,650 p s i .  

p l a t e  began t o  de laminate immediate ly  i n s i d e  one o f  t h e  i n t e r i o r  b o l t  rows. 

A l though a c a t a s t r o p h i c  f a i l u r e  had n o t  y e t  occurred,  t h e  specimen was n o t  
a b l e  t o  w i t h s t a n d  an i n c r e a s e  i n  l o a d  and t h e  t e s t  was stopped. (Note t h a t  

had t h e  t e s t s  been r u n  w i t h  l o a d  c o n t r o l  r a t h e r  than s t r o k e  c o n t r o l ,  t h e  

f a i l u r e  would most l i k e l y  have been instantaneous.)  Appendix A c o n t a i n s  

s t r a i n  read ings  and l o a d - d e f l e c t i o n  curves f o r  t hese  t e s t s .  

The f a i l u r e  occu r red  when one s p l i c e  

3.2.2.2 8 - B o l t  Compression Tests 
One c lea rance  f i t  and one i n t e r f e r e n c e  f i t  specimen were t e s t e d  i n  t h e  8 - b o l t  

t ape red  j o i n t  c o n f i g u r a t i o n .  

reached a gross s t r e s s  o f  -41,930 p s i  w i t h  a g r o s s - s e c t i o n  s t r a i n  o f  -.0048. 
The observed f a i l u r e  was b y  compressive delaminat ion o f  t h e  s p l i c e  p l a t e s  a t  

t h e  innermost  b o l t s ,  i n i t i a t e d  immediately i n  f r o n t  o f  t h e  b o l t s ,  where t h e  

b e a r i n g  and bypass ?odd5 ~ o ~ i l ; i n e .  A s ign i f ic ;n t  j l~ lount  nf nnnlinear h e h a v i o r  

( b o l t  bending and b e a r i n g  de fo rma t ion )  had taken  p l a c e  p r i o r  t o  f a i l u r e .  
f a i l u r e  mode i s  n o t  s u r p r i s i n g  s i n c e  t h e  c e n t r a l  s k i n  member shou ld  have much 

h i g h e r  compression a l l owab les  t h a n  t h e  s p l i c e  p l a t e s  because of t h e  clamp-up 

suppor t  t h e  s p l i c e s  p r o v i d e .  

The f a i l e d  JC8CF specimen shown i n  F i g u r e  25 

T h i s  

I n  f a c t ,  t h i s  t ype  o f  f a i l u r e  was p r e v a l e n t  
I,. L,,r."UghOut _ _  J-k- - A m n r m . - r , n n  

L l lC  LUII I tJI  cas;",, t e s t s  ser ies .  

The JC8IF specimen i n  F i g u r e  26 ( a )  d i d  n o t  p e r f o r w  as w e l l  as expec ted .  

The f a i l u r e  occu r red  when one s p l i c e  p l a t e  de laminated a t  about m id - th i ckness  
i n  t h e  c e n t r a l  g ross -sec t i on  away f rom the b o l t  ho les .  Whether o r  n o t  a 

f l a w  e x i s t e d  p r i o r  t o  t h e  t e s t  i s  unknown, b u t  t h e  f a i l u r e  mode shown i n  

F i g u r e  26 ( b )  does n o t  appear r e l a t e d  t o  t h e  presence o f  a j o i n t .  

s t r a i n  f o r  t h i s  j o i n t  was 0.0041 , s u b s t a n t i a l l y  lower  than i t s  c lea rance  

f i t  c o u n t e r p a r t .  

The f a i l u r e  

S p e c i f i c  t e s t  d a t a  i s  con ta ined  i n  Appendix A. 
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F I  G U R E  24 ( a ) .  4-BOLT COMPRESSION SPECIMEN - JC4IF-507 
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F I G U R E  24 ( b ) .  4-BOLT COMPRESSION SPECIMEN - JC4IF-507 (Cont inued)  
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F I G U R E  25. 8 - B O L T  COMPRESSION SPECIMEN - J C 8 C F - 5 1 3  
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F I G U R E  26 ( a ) .  8-BOLT COMPRESSION SPECIMEN - J C 8 I F - 5 0 9  
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FIGURE 26 ( b ) .  8-BOLT COMPRESSION SPECIMEN - JC8IF-509 (Cont inued)  
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I t  should be noted t h a t  the JC8CF ultimate load of 75,000 pounds exceeds t h a t  
of ident ical  j o i n t s  tes ted  for t e n s i l e  l o a d s .  T h i s  trend was typical  through- 
out the t e s t  program, although the premature sp l ice  p la te  f a i l u r e s  under t e n s i l e  
load prevents a t rue  comparison between joints with tapered sp l ices .  

3.2.2.3 12-Bolt Compression Tests 
The 12-bolt clearance f i t  and interference f i t  compression specimens reached 
gross-section s t r a i n s  of -0.0036 and -0.0032, respectively.  The mode o f  

f a i l u r e  was the same for  both t e s t s  as shown in Figures 27  and 28, the damaqe 
looking much the same as t h a t  o f  the JC8CF specimen. 
the s p l i c e  members on the bearing load side of the inner row of bol ts  w i t h  
massive delamination and  buckling of pl ies ,  commonly associated w i t h  laminate 
compression f a i l u r e s .  
sect ion,  b u t  i n  most cases just inside the inner bolt  rows. The central  skin 
members remained essent ia l ly  i n t a c t .  

expected. The more severe bol t  bending of the JC12IF j o i n t  is believed t o  
have t r iggered the e a r l i e r  f a i l u r e  of t h a t  specimen. 
on the cause of these f a i l u r e s  i s  contained i n  the tes t /ana lys i s  correlat ion 
section, and s t r a i n  gage data from the t e s t s  is  given i n  Appendix A. 

The f a i l u r e s  occurred i n  

The damage was located not actual ly  across the net- 

Some bol t  bending d i d  take place i n  both 
specimens, more so i n  the interference f i t  j o i n t  whSch a t  t h i s  nnint pv I , ,  * 11  .Ad 

A more detai led discussion 

3.2.2.4 24-Bolt Compression Tests 
The two 24-bolt specimens closely followed the behavior of the 12-bolt j o i n t s  
as the same compression f a i l u r e  mode persisted.  The JT24CF specimen shown i n  
Figure 29 ( a )  f a i l e d  a t  a gross s t r e s s  of -49,500 psi and gross-section s t r a i n  of 
-0.0062. 
showing the  compression f a i l u r e  occurring across the sp l ice  members immediately 
inside the l a s t  row of bol ts .  
as shown i n  Figure 30 a t  a gross s t r e s s  of -50,330 psi. 
th is  type of f a i l u r e  wi l l  be typical o f  composite multirow bo,lted j o i n t s  loaded 
in  compression and e f f o r t s  t o  improve performance should be made i n  considera- 
t i o n  of this  phenomenon. 

Figures 29 ( b )  presents a close-up photograph of the damaged area,  c lear ly  

A similar f a i l u r e  occurred i n  the JT24IF specimen 
I t  i s  believed t h a t  
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FIGURE 28. 12-BOLT COMPRESSION SPECIMEN - JC12IF-505 
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FIGURE 29 ( a ) .  2 4 - B O L T  COMPRESSION S P E C I M E N  - J C 2 4 C F - 5 1 1  
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FIGURE 29 ( b ) .  24-BOLT COMPRESSION SPECIMEN - JC24CF-511 (Continued)  
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FIGURE 30. 2 4 - B O L T  COMPRESSION SPECIMEN - J C 2 4 I F - 5 1 3  
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These compression j o i n t s  were loaded t o  l e v e l s  above t h e  t e s t e d  and p r e d i c t e d  

s t r e n g t h s  o f  t h e  i d e n t i c a l  t e n s i o n  specimens, and t h e  same h o l d s  t r u e  f o r  t h e  

1 2 - b o l t  j o i n t s .  A d i r e c t  comparison i s  decept ive,  however, because t h e  

c r i t i c a l  l o c a t i o n  f o r  t e n s i o n  l o a d i n g  i s  t h e o r e t i c a l l y  t h e  c e n t r a l  s k i n  

member w h i l e  i n  compression t h e  s p l i c e  members a re  c r i t i c a l .  

read ings  f o r  t hese  two t e s t s  a r e  presented i n  Appendix A. 
S t r a i n  gage 

3.2.3 Hole Wearout Tests  

A t o t a l  o f  t h r e e  specimens (25011263) were f a b r i c a t e d  and t e s t e d  t o  measure 

t h e  e f f e c t s  of f a t i g u e  l o a d i n g  on h o l e  wearout. The r e s u l t s  of t hese  t e s t s  

a re  presented i n  Table 6. The f i r s t  two t e s t s  were completed w i t h  no 
s i g n i f i c a n t  h o l e  e l o n g a t i o n .  

t imes  w i t h  a peak h o l e  b e a r i n g  s t r e s s  o f  53,200 p s i  which rep resen ted  80 p e r c e n t  

o f  l i m i t  l oad .  Having completed t h e  t e s t  w i t h  v i r t u a l l y  no damage t o  t h e  f i r s t  
specimen, t h e  peak s t r e s s  was increased f o r  specimen Number 2 t o  79,700 p s i  - 
approx ima te l y  l i m i t  l o a d  - and s t i l l  very l i t t l e  e l o n g a t i o n  took  p l a c e .  

specimen Number 3 t h e  peak s t r e s s  l e v e l  was r a i s e d  to about 107,600 p s i  and 

evidence o f  h o l e  damage was no ted  af ter  t h e  t h i r d  p r o f i l e  r e p e t i t i o n  (173,547 

spectrum c y c l e s )  a t  which t i m e  t h e  nominal l i g h t  b o l t  t o r q u e  o f  40 inch-pounds 

was inc reased  t o  100 inch-pounds and load ing  was con t inued .  A t  365,315 c y c l e s  t h e  

computer c o n t r o l  was unable t o  t r a c k  the specimen and t h e  t e s t  was concluded 

w i t h  a change i n  h o l e  dimensions i n  the l o a d  d i r e c t i o n  o f  0.063 and 0.034 i n c h  

f o r  t h e  two ho les .  

u l t i m a t e  b e a r i n g  s t r e s s  a l l o w a b l e  f o r  peak t e n s i o n  loads.  

Specimen Number 1 was t e s t e d  th rough  two l i f e -  

Fo r  

I 

T h i s  specimen was work ing t o  app rox ima te l y  90 p e r c e n t  of t h e  

The o n l y  anomaly i n  t h i s  t e s t  s e r i e s  was t h e  h o l e  s i z e s .  

f o r  app rox ima te l y  0.006 i n c h  c learance f i t  holes,  however, good q u a l i t y  c l o s e  
f i t (2 -3  m i l  c l ea rance )  ho les  were suppl ied.  Therefore,  t h e  "pounding" e f f e c t  

o f  l oose  t o l e r a n c e  ho les  p o s s i b l e  du r ing  r o u t i n e  manufacture was n o t  ob ta ined .  

It would be d e s i r a b l e  i n  t h e  f u t u r e  t o  t e s t  p o s s i b l e  b e a r i n g ' f a t i g u e  s t r e n g t h  
r e d u c t i o n s  due t o  c l u s t e r e d  p l i e s  and h i g h e r  p e r c e n t  zero degree p l i e s  as w e l l  

as f o r  excess i ve  h o l e  c learances.  

The drawing had c a l l e d  
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4.0 ANALYSIS METHODS DEVELOPMENT 

30 

25 - 

BEARING FAILURE 

LOAD 
(1,000 LB) 15 - 

SLOPE 1867,000 LBAN.  

1 I I 

I n  t h e  f i r s t  phase of t h e  t e s t  program, 180 s i n g l e - h o l e  a n c i l l a r y  specimens 

were t e s t e d  i n  a v a r i e t y  o f  c o n f i g u r a t i o n s  f o r  bo th  t e n s i l e  and compressive 

l o a d i n g  

v a r i o u s  laminate th i cknesses  and b o l t  d iameters,  and considered s i n g l e  and 

double shear j o i n t s .  

base t o  be used f o r  a n a l y t i c a l l y  p r e d i c t i n g  t h e  behav io r  o f  l a r g e  m u l t i r o w  

b o l t e d  j o i n t s  i n  composites. 
performance o f  composite b o l t e d  j o i n t s  was examined, though s e v e r a l  i m p o r t a n t  

parameters war ran t  f u t u r e  i n v e s t i g a t i o n ,  such as t h e  e f f e c t s  o f  f l u s h  head 

fas tene rs  b o l t e d  through e x t e r i o r  s k i n s .  

These t e s t s  examined loaded and unloaded holes,  

The t e s t s  were conducted t o  develop a s u f f i c i e n t  da ta  

The i n f l u e n c e  o f  v a r i o u s  phenomena on t h e  

I 
I 

The a n c i l l a r y  t e s t  program generated l o a d - d e f l e c t i o n  curves t o  f a i l u r e ,  

c h a r a c t e r i z i n g  b o t h  t h e  l i n e a r  and n o n l i n e a r  range o f  b e h a v i o r .  

l o a d  d e f l e c t i o n  cu rve  f o r  a composi te s i n g l e  b o l t e d  j o i n t  (w/d = 8)  i s  shown 

i n  F i g u r e  31. 

A t y p i c a l  

T h i s  p a r t i c u l a r  specimen f a i l e d  i n  b e a r i n g  and t h e  l a r g e  amount 

FIGURE 31. LOAD DEFLECTION CURVE, DOUBLE-SHEAR TENSION TEST (BEARING FAILURE) 
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of nonlinear behavior due t o  hole elongation was typical of t h i s  fa i lure  
mode. 
amount of nonlinear behavior. 
deformation of the fastener hole (many of these specimens reached or exceeded 
the character is t ic  bearing yield s t ress )  or p las t ic  bending of the bolt  
prior t o  f a i lu re .  
specimen (w/d = 3) i s  shown in Figure 32, where a double shear tension specimen 
had  begun t o  yield in bearing before finally f a i l i ng  i n  the net-section. 

Even the tension-through the hole fa i lures  eKhibited an observable 
This was the resul t  of e i ther  bearing 

An example of t h i s  load-deflection behavior for  a narrow 

d = 0.50 IN., w = 1.50 IN., t = 0.50 IN. 

25 I 

LOAD 
(1,000 LB) 

71) c 

DEFLECTION (IN.) 

FIGURE 32. LOAD DEFLECTION C U R V E ,  DOUBLE-SHEAR TENSION TEST (TENSILE F A I L U R E )  

The A4EJ program uses a simple bi-linear model as shown in Figure 33 t o  
represent the linear and nonlinear range of bolted jo in t  1oad;def lection behavior 
This nonlinear behavior can be significant t o  the performance of a multirow 
jo in t  since i t s  presence permits the m o s t  highly loaded bolts t o  sustain the i r  
load without f a i lu re ,  while other more l ight ly  loaded bolts can accept more 
load due t o  the added deformation a t  those bolts t h a t  have reached the 
nonlinear range of behavior. Consequently, a reasonable prediction of the 
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F I G U R E  33. FASTENER LOAD DEFLECTION CHARACTERISTICS 

onset,  a l l owab le  e x t e n t ,  and p l a s t i c  s t i f f n e s s  o f  t h e  n o n l i n e a r  range o f  

b e h a v i o r  i s  fundamental t o  t h e  accu ra te  a n a l y t i c a l  p r e d i c t i o n  o f  m u l t i r o w  

j o i n t  s t reng ths .  

I n c l u d e d  i n  t h i s  i n v e s t i g a t i o n  were e f f o r t s  toward develop ing a n a l y t i c a l  

methods f o r  p r e d i c t i n g  b a s i c  b o l t e d  composi te j o i n t  behavior ,  which i s  r e q u i r e d  

t o  p e r f o r m  m u l t i r o w  j o i n t  s o l u t i o n s .  I t  was found t h a t  t h e  l i n e a r  p o r t i o n s  

of t h e  l o a d - d e f l e c t i o n  curves c o u l d  be rep resen ted  a c c u r a t e l y  by minor  modi- 

f i c a t i o n s  o f  an o l d  NACA f o r m u l a  (Reference 3 ) .  
a r e  p l o t t e d  a g a i n s t  t e s t  r e s u l t s  i n  F i g u r e  34 f o r  a v a r i e t y  o f  j o i n t  c o n f i g u -  
r a t i o n s  i n  double shear.  The s t i f f n e s s  f o r m u l a  i s  g i v e n  as t h e  sum o f  f o u r  

components. Thus. 

The r e s u l t s  f r o m  t h i s  f o r m u l a  

Here, 6 i s  t h e  d e f l e c t i o n  o f  t h e  b o l t  i n  inches,  P i s  t h e  double shear  b o l t  

l o a d  i n  k ips,  and t h e  v a r i o u s  c o n t r i b u t i o n s  t o  t h e  b o l t  cons tan t  ( o r  f l e x i b i  

i n  inches per k i p  are cbs f o r  shear d e f o r m a t i o n  o f  t h e  b o l t ,  Cbb f o r  bending 
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de fo rmat ion  o f  t h e  b o l t ,  cb 

f o r  t h e  b e a r i n g  de fo rma t ion  o f  t h e  laminates o r  p l a t e .  

express ions deduced by  Ta te  and Rosenfe ld  (Reference 3) f o r  t h i s  exp ress ion  

g i v e ,  f o r  b o l t s  loaded s y m m e t r i c a l l y  i n  double shear, 

f o r  t h e  bear ing  de fo rma t ion  o f  t h e  b o l t ,  and C 
b r  P b r  

The e m p i r i c a l  

2 t s  + t 8 t S 3  + 1 6 t s 2 t  + 8 t  t * + t 
- -  1 -  p +  S P  

K 36b Ab lg2 Ebb 'bb 

i n  which t h e  f i r s t  s u b s c r i p t  b r e f e r s  t o  t h e  b o l t  and t h e  second t o  bending, 

s r e f e r s  t o  each o f  t h e  s p l i c e  s t r a p s  (which are assumed t o  b e  i d e n t i c a l ) ,  and 

p t o  t h e  b a s i c  p l a t e  ( o r  s k i n ) .  

shown i n  F i g u r e  34 and t h e  v a r i o u s  e l a s t i c  modul i  a re  s i g n i f i e d  b y  E f o r  a 

Young's modulus and G f o r  t h e  shear modulus o f  t h e  b o l t ,  which has an area 
A = d2/4 and s e c t i o n  modulus I =  .rrd /64 s ince  d i s  t h e  b o l t  d iameter.  

l am ina te  modu l i  EL and ET r e f e r  t o  t h e  l o n g i t u d i n a l  ( o r  l o a d )  d i r e c t i o n  and 

l a t e r a l  ( o r  t r a n s v e r s e )  d i r e c t i o n ,  r e s p e c t i v e l y ,  and would be ideritical f o r  
q u a s i - i s o t r o p i c  laminates.  These laminate modul i  r e p r e s e n t  t h e  o n l y  change 

f r o m  t h e  o r i g i n a l  exp ress ion  which used the  modul i  Esbr and Epbr i ns tead .  

I 

The va r ious  th i cknesses  a re  g i v e n  by 'c, db 

I 

4 The 

A l l  a t t empts  t o  i n t e r p r e t  t h e  s t i f f n e s s  da ta  f o r  t h e  s i n g l e - s h e a r  t e s t s  i n  

terms o f  e x i s t i n g  formulas f o r  metal  j o i n t s  f a i l e d .  

I f o r m u l a  above was mod i f i ed  t o  account f o r  t h e  b o l t  r o t a t i o n  t h a t  occurs i n  
s i n g l e  shear  j o i n t s .  

So t h e  double-shear 
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FIGURE 34. BOLTED JOINT ELASTIC S P R I N G  RATES - TEST VERSUS PREDICTION 

The f i r s t  t e r m ,  r e p r e s e n t i n g  t h e  shear de fo rma t ion  o f  t h e  b o l t ,  was taken t o  be 

u n a l t e r e d .  

rema in ing  t h r e e  terms were a l l  m u l t i p l i e d  by t h e  f a c t o r  ( 1  + 30.1, where p 
rep resen ts  the f r a c t i o n  o f  t h e  bending moment on t h e  b o l t  t h a t  i s  r e a c t e d  b y  

The second term, accoun t ing  f o r  b o l t  bending, was d e l e t e d  and t h e  

t h e  nonuni form b e a r i n g  s t resses  across t h e  t h i c k n e s s .  This  s e x p l a i n e d  i n  

F i g u r e  35. 

t h e  b o l t .  Therefore,  would v a r y  f r o m  a maximum va lue  o f  1 0 f o r  a s imp le  shear 

p i n ,  through a v a l u e  o f  about 0.5 f o r  countersunk f a s t e n e r s ,  t o  a sma l l  f r a c t i o n  

f o r  t o r q u e d  b o l t s  w i t h  p r o t r u d i n g  heads, becoming v e r y  smal l  f o r  t h e  combinat ion 

o f  l a r g e  washers w i t h  a l a r g e  d i a m e t e r - t o - t h i c k n e s s  r a t i o .  The i n t e r p r e t a t i o n  

o f  t h e  d a t a  f rom these t e s t s ,  w i t h  a d / t  r a t i o  o f  about  2 and r e l a t i v e l y  sma l l  

washers, i n d i c a t e s  t h a t  p i s  on t h e  o r d e r  o f  0.15 here.  

c o r r e c t l o n  f a c t o r  /3 a r i s e s  because, as t h e  f a s t e n e r s  r o t a t e  under s i n g l e - s h e a r  

l oad ing ,  t h e  b e a r i n g  s t resses  become more concen t ra ted  near  t h e  i n t e r f a c e  

between t h e  members t h a n  i s  t h e  case w i t h  double-shear l o a d i n g .  Consequently, 

t h e  r e l a t i v e  mot ion i s  i nc reased  by  those  l o c a l l y  h i g h e r  b e a r i n g  s t resses .  

The rema in ing  f r a c t i o n  ( 1  - p ) i s  r e a c t e d  by  t h e  head and n u t  on 

The need f o r  t h e  
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BASIC M O M E N T  = Pi = it,dt2 
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FIGURE 35. ADDITIONAL DISPLACEMENTS DUE TO BOLT ROTATION 

i n  which t h e  s u b s c r i p t s  1 and 2 i d e n t i f y  t h e  two members. 

t h e  s t i f f n e s s  p r e d i c t i o n s  o f  t h i s  formula w i t h  t h e  measured r e s u l t s .  

t e rm n o t  been i n c l u d e d  t h e  s t i f f n e s s  would have been o v e r e s t i h a t e d  by about 
50 p e r c e n t .  

F i g u r e  36 compares 

Had t h e  
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(MODIFIED VERSION OF FORMULA FROM NACA TN-1051) 

FIGURE 36. SINGLE-SHEAR BOLTED JOINT ELASTIC S P R I N G  RATES - TEST VERSUS PREDICTION 

No u n i v e r s a l  formulas have been d e r i v e d  t o  express t h e  n o n l i n e a r  p o r t i o n s  

o f  t h e  l o a d - d e f l e c t i o n  curves. 

g r e a t  v a r i a t i o n  between t e s t e d  n o n l i n e a r  s t i f f n e s s e s .  T h i s  v a r i a t i o n  i s  

a t t r i b u t e d  t o  the n a t u r e  o f  t h e  n o n l i n e a r  behav io r ,  which i n v a r i a b l y  c o n s i s t s  

of b e a r i n g  deformat ion o r  b o l t  bending.  

No at tempts were made a t  t h i s  because o f  t h e  

Never the less,  many analyses have conf i rmed t h a t  two s imp le  r u l e s  cover  most 

p r a c t i c a l  j o i n t  geometr ies.  The f i r s t  i s  t h a t  t h e r e  i s  no s i g n i f i c a n t  non- 

l i n e a r  behavior  f o r  unloaded b o l t  ho les ,  as was shown b y  o u r  a n c i l l a r y  t e s t s .  

The o t h e r  i s  t h a t  t h e  knee i n  F i g u r e  33 can b e  l o c a t e d  a t  about 80 p e r c e n t  

o f  t h e  u l t i m a t e  f a i l i n g  s t r e s s  i n  b e a r i n g .  The secondary s t i f f n e s s  can be  

taken  t o  be  approx imate ly  20 pe rcen t  o f  t h e  e l a s t i c  s t i f f n e s s .  

of t hese  approximat ions can be gaged f rom t h e  a n c i l l a r y  t e s t  data.  
i s  s i g n i f i c a n t  n o n l i n e a r  behavior ,  p a r t i c u l a r l y  i n  t h e  l a r g e r  w/d va lues,  

t h e  r e l a t i v e  mot ion between t h e  members i s  so g r e a t  as t o  be unacceptable f o r  

The v a l i d i t y  

When t h e r e  
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design purposes, so i t  i s  useful t o  t h e n  add a displacement cutoff,  perhaps 
as some percentage of the fastener diameter, much as for  bolted joints  in 
metal a1 loys. 

The nonlinear portions of the load deflection character is t ics  influence the 
load-sharing in a multirow bolted jo in t  only a f t e r  some p las t ic  deformation 
has occurred a t  one o r  more fastener locations, so the precision needed for  
t h a t  p a r t  of the analysis i s  less  than for the linear analysis. However, i t  
i s  important t o  represent the end of t h e  l inear e l a s t i c  behavior accurately 
and t o  distinguish between the " b r i t t l e "  o r  "ducti le" behavior which may 
follow. Those effects  are the key t o  any possible load distribution. The 
actual predictions of the t e s t  resu l t s  f o r  the multirow bolted joints  were 
based on the s t i f fness  formulas for  the e l a s t i c  behavior, with the definit ion 
of the nonlinear behavior taken from t h e  actual load deflection curves from 
the appropriate single-hole t e s t s  because there was often considerable 
deformation Drior t o  fa i lure .  

In  addition t o  generating s t i f fness  d a t a ,  the ancil lary t e s t  program provided 
the data for  generalizing the measured section strengths a t  the bolt  holes. 
Joint geometries were selected carefully t o  establish b o t h  net-section strengths 
and  bearing f ai 1 ures , under b o t h  tensi l e  a n d  compressive 1 oads . The tension- 
through-the-hole f a i lu re  d a t a  were acquired with a width-to-diameter ra t io  of 
3.0 for  loaded holes and  2.0 and 8.0 for unloaded holes. 

The individual section strengths for multirow analyses may be taken direct ly  
from the t e s t  d a t a ,  or the observed stress concentration factors a t  f a i lu re  may 
be related t o  the e l a s t i c  isotropic stress concentration factors as in Figure 37 
for a given jo in t  geometry. 
bolt  holes (Reference 4) by the equation 

Such an e las t ic  factor i s  determined for  loaded 

= 2 + (- w - 1 )  - 1.5.- ( w / d  - 1)  8 
t e  d w/d + 1 

where 8 = 1.5  - 0.5/(e/w) fo r  e/w - 1 
e = 1.0 for  e/w 1 * 
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The s t ress  concentration f a c t o r  i s  evaluated with respect t o  the net rather 
t h a n  gross section in order t o  avoid factors  which diverge toward inf in i ty  
a t  extreme ratios of d/w. I 

As in pr ior  test  programs, the single-hole t e s t s  demonstrated considerable 
s t r e s s  concentration re l ie f  ( r e l a t ive  t o  e l a s t i c  behavior) prior t o  f a i lu re  
in the fibrous composites. The linear re la t ion 

i s  used t o  postulate a l inear relationship between the e l a s t i c  isotropic 
s t ress  concentration factors and those observed a t  f a i lu re  for  composite 
materials. The observed s t ress  concentration factor ( k t c )  a t  f a i lu re  i s  
given by 

This relationship may then be used t o  predict the single-hole section strengths 
of a given composite j o in t ,  based upon the corresponding e l a s t i c  isotropic 
s t ress  concentration factor for  the same geometry. 

The values o f  C so deduced for  loaded hole net-tension fa i lures  are 0.26 for  
the quasi-isotropic Pattern A and 0.42 for  the orthotropic Pattern B .  These 
are almost precise matches with Hart-Smith's measurements for  graphite-epoxy 
composites (Reference l ) ,  which adds considerable confidence in the use of 
th i s  approach to  generalize t e s t  resu l t s .  Unfortunately, several of the t e s t  
coupons failed i n  the doublers a t  the load introduction holes instead of the 
t e s t  area. Therefore, i t  was n o t  possible t o  characterize the influence of the 
bolt  diameter on the coefficient C ,  which i s  anticipated t o  increase with bolt  
s ize .  The reason for  selecting a w/d r a t io  o f  3 f o r  the loaded holes i s  that  
t h i s  value had  been identified in prior t e s t s  as the geometry associated with 
the maximum strength of s i  ngle-row bolted jo in ts  in graphi te-epoxy composites. 
A value of 8 for the bearing t e s t s  was selected t o  ensure that  there would be 
no interaction with the tension-through-the-hole fa i lure  mode. 
distances, e ,  were made equal t o  the s t r i p  widths, w ,  t o  preclude shear-out 
f ai 1 ures . 

The edge 
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OBSERVED STRESS 

AT FAILURE OF COMPOSITE 
CONCENTRATION FACTOR 2 

I 

3 

OBSERVED STRESS 
CONCENTRATION FACTOR 

A T  FAILURE OF COMPOSITE 

1 

o LOADED HOLES w/d = 3 TESTS CONDUCTED AT 
UNLOADED HOLES w/d = 2, 6, 8 ROOM TEMPERATURE 

COMPOSITE MATERIAL: 
TORAY 7-300 GRAPHITE FIBERS, 1O.MIL PLIES 
CIBA-GEIGY 914 RESIN 

FIBER PATTERN: 
(25% 0, SO%* n l 4 , 2 5 %  1112) 

COMPUTED ELASTIC-ISOTROPIC STRESS CONCENTRATION FACTOR 

F i b e r  P a t t e r n  A 

0 LOADED HOLES w/d = 3 
UNLOADED HOLES w/d = 2 
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F i b e r  P a t t e r n  B 

FIGURE 37. STRESS CONCENTRATION FACTORS AT FAILURE FOR COMPOSITE BOLTED JOINTS 
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The w / d  ratios of 2 a n d  8 for  the unloaded holes were selected with the intent  
of maximizing the range of values of e l a s t i c  s t ress  concentration factors ,  k t e .  
However, t h e  narrow s t r ip s  fa i led prematurely, in quite a different f a i lu re  
mode, with a clean tensi le  fracture rather than the massive delaminations 
associated with the wider s t r ip s .  I t  i s  recommended t h a t ,  henceforth, the 
minimum w/d ra t io  for  unloaded holes be a t  least  3. Actually, since the bypass 
strength i s  needed primarily for  multirow jo in t s ,  f o r  which the optimum w/d 

i s  in the range of 4 t o  5 rather than  the closer pitch of 3 for  single-row 
jo in ts ,  a case can be made fo r  an even higher minimum w/d r a t io .  The unloaded 
hole results included in Figure 37 clearly show the different behavior for  
the narrow s t r ip s ,  in the form of abnormally high s t ress  concentration factors 

k t c .  Some wider specimens of Pattern A were necked down s l igh t ly  t o  a w/d of 6 
in order t o  prevent fa i lures  in the grip area. The resul ts  indicate t h a t  the 
notched strength r a t io  between patterns i s  abou t  the same as the relat ive number 
of 0-degree plies in each laminate. 

The e l a s t i c  isotropic s t ress  concentration factor for  a s t r i p  with an unloaded 
hole i s  given (Reference 4) by the equation 

= 2 + ( 1  - d/W) 3 
t e  

This e las t ic  f a c t o r  may be related in some way the observed s t ress  concentration 
factors f o r  composite laminates with unloaded holes. However, the resul ts  of 
the unloaded hole tension t e s t s  suggest t h a t  the simple linear relationship 
between k t e  and k t c  values of Figure 37 may be inadequate for  predicting 
unloaded h o l e  strengths. Variations in hole s ize ,  laminate thickness, a n d  
possibly ply thickness appear t o  have a s ignif icant  effect  on the precise 
f a i lu re  mode a n d  ultimate strength of laminates with holes. 
of t e s t s  i n  th is  area i s  required t o  reach a f u l l  understanding of the 
phenomena involved and the significance of each one. 

A larger matrix 

The unloaded hole t e s t  resul ts  for  compression were quite similar t o  the 
geometrically equivalent specimens loaded in tension. Such s imi la r i t i es  
were also evident in the loaded-hole t e s t s  The gross-sect 
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fa i lure  s t resses  were on the order o f  30 ksi for  b o t h  patterns, with 
w/d = 3, while the ultimate bearing stresses were on the order of 100 ksi 
for  b o t h  patterns for  the wider s t r ip s  (w/d = 8 ) .  

The great majority of the single-shear tes t s  fa i led in bearing, a t  a s t ress  
of about 100 ksi ,  for  b o t h  tensi le  a n d  compressive loading. The w/d ra t io  
of 8 was used t h r o u g h o u t  the single-shear t e s t s .  
allowed the bolts t o  rotate ,  as they would on a wing spar, for  example, b u t  

prevented the abnormal rotation of the laminates which would have occurred 
in a standard single-lap t e s t  coupon. 

A special t e s t  f ix ture  

The basic unnotched laminate properties, used as a reference t o  establish 
the s t r e s s  concentration factors k tc ,  were measured as follows: 

= 68,350 psi, Fcu  = 69,100 psi Pattern A :  E = 7.4 x 10 psi ,  Ftu 6 

= 94,830 psi ,  F c u  = 97,300 psi Pattern B :  E = 9.3 x 10 ps i ,  F t u  6 

The s t i f fnes s  and section strength d a t a  discussed here provides the required 
empirical base from which A4EJ analyses may be performed. 
the ancil lary data i s  direct ly  applicable to  the analysis, some inherent 
inconsistencies between t e s t  coupons and real  structure should be considered. 
The possible effects  of these dissimilari t ies will be discussed in subsequent 
sections on multirow jo in t  analysis. 

Although some o f  
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5.0 ANALYSIS OF MULTIROW BOLTED JOINTS 

Having completed the ancil lary tes t ing which generated the single-hole d a t a ,  
an explanation i s  now presented of how the analysis of large multirow joints  
i s  performed. 
used here is the nonlinear computer program A4EJ (Reference 2 ) .  
can predict the load-sharing between fasteners b o t h  a t  the l imit  of e l a s t i c  
( l i nea r )  behavior and a f te r  the load redistribution associated with any non-  
catas t roph ic  i ni t i  a1 damage. 

Several methods were evaluated, b u t  the key t o  the analysis 
This program 

The A4EJ program i s  an i t e ra t ive  For t ran  IV digi ta l  solution for  the load- 
sharing between multiple parallel  springs ( the fasteners) and  also accounts 
for the linear or nonlinear stretching of the members between the fasteners 
as se t s  of springs in ser ies .  Thus, b o t h  equilibrium of forces a n d  the 
compatibility of displacements are ensured. 

Figure 38 describes the elements of the mathematical model. A t  each s ta t ion ,  
i t  i s  necessary t o  define the load deflection characterist ics of the fastener,  
including the local deformation of the members, as shown in Figure 39. For 
the members, the e l a s t i c  behavior of each member between adjacent stations 
must be defined, A s ta t ion i s  located a t  each fastener and a t  each discontinuity 
in e i ther  member. 
ser ies  of steps, with a precise match of properties a t  each fastener s ta t ion .  

A tapered splice plate  i s  represented e las t ica l ly  as a 

Strength cutoffs are also needed for  the fasteners in shear and  for  the members 
under combined bearing and bypass loads a t  each fastener s ta t ion .  
load in a member, a t  each s ta t ion ,  i s  the sum of the bearing load a t  t h a t  
particular fastener and the bypass load which i s  reacted a t  other fasteners.  
These terms are explained in Figure 40, which also characterizes the bearing- 
bypass interactions for  b o t h  t ens i le  and  compressive loads. 
easily be modified t o  express the load-sharing under in-plane shear, as with 
torsion loads on a wing, b u t  the f a i lu re  c r i t e r i a  under those bearing-bypass 
interactions have yet t o  be established. 

The total  

The program could 

The bearing bypass interactions f o r  
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FIGURE 40. OUTER E N V E L O P E  OF BEARING-BYPASS LOAD INTERACTIONS 

tension and compression can be ei ther  linear o r  kinked, depending primarily 
on the local w/d  r a t io ,  as shown in Figure 40. 
bol ts ,  f a i l  in tension-through-the-hole for bo th  bearing and bypass loads; 
however, wide s t r ips  exhibit a bearing s t r e s s  cutoff. 
two possible interactions,  depending on whether the bolt f i t s  t igh t ly  o r  
loosely in the hole. I n  the case of a t i g h t - f i t  hole, the combination of 
bearing and bypass s t resses  must n o t  exceed the bearing allowable s t r e s s .  
a loose-fi t  bol t ,  none of the bypass load can be transmitted t h r o u g h  the bol t ,  
causing a higher s t r e s s  on the net section. 
a very small clearance, the bolt  may pick u p  a l i t t l e  bypass load as the 
composite laminate deforms under load. 

Narrow s t r i p s ,  or closely spaced 

Compressive loads have 

With 

I n  the case of a bolt hole with 

The intercepts of the bearing bypass interaction curves are established 
direct ly  from experimental resul ts  o r  by means of the s t ress  concentration 
formulas and associated reduction factors discussed previously. The following 
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steps are involved in those calculations. F i r s t ,  the e last ic- isotropic  
s t ress  concentration f a c t o r  k t e  i s  calculated f o r  b o t h  loaded a n d  unloaded 
holes i n  tension. 
via the reduction factor C t o  establish the actual intercepts.  A st raight  
l ine i s  drawn between the loaded and unloaded hole strength intercepts,  and  
a bearing s t r e s s  cutoff i s  added, i f  necessary, for wider bolt  spacings. 
The same value of k tc  would be used f o r  the compressive bypass strength a t  
an unfilled hole and ,  in the absence of specific data f o r  f i l l e d  holes, a 
value half way between t h a t  k t c  and  unity i s  recommended fo r  f i l l e d  holes 
under compression. The compressive bearing l imit  i s  self-evident.  Usually, 
joints  are more c r i t i ca l  i n  tension t h a n  i n  compression, b u t  the combination 
of high compressive bypass and bearing stresses may resu l t  i n  jo in ts  prone 
t o  widespread delaminations. 

Those factors are reduced t o  the equivalent k t c  values 

r The analyses presented here rely heavily on  the i n p u t  d a t a  generated from the 
ancil lary t e s t  program, b u t  the differences between such t e s t  d a t a  and the 
actual s t ructure  should always be considered. For example, a significant 
f i n d i n g  of the single-hole t e s t s  was that ,  i n  double shear, the allowable 
strength of the central plate was always greater t h a n  t h a t  of the spl ice  plates 
despite the matched thicknesses, presumably because o f  the be t te r  clamp-up o r  
s h g h t i y  unsymmetric ioading. Therefore, i n  ana iy r  i r i y  such j o in t s ,  t h i s  

extra strength should be accounted for  i n  the i n p u t  data. Such d a t a  would be 
necessary t o  t ruly optimize the design o f  multirow jo in ts ,  although i n  t h i s  
particular case, the error  w o u l d  be conservative. 

I 

I n  addition t o  variations i n  performance, concern must also be given t o  the 
sometimes subtle differences in configuration between t e s t  coupons and real 
s t ructure .  The unloaded hole ancil lary tes ts  were tested as "unfil led" holes, 
w i t h  the undersized bolts providing some clamp-up, while the actual subcomponent 
jo in ts  were tested with close-f i t  or interference f i t  fasteners.  
crepancy should be considered when calculating the bypass intercept of the 
bearing bypass interaction curves for tension and compression if an accurate 
prediction of j o in t  strength i s  t o  be made. 
fu l ly  understood a conservative approach would be appropriate for  real 
s t ructure  applications. 

This dis- 

Until such variations are more 
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A f u r t h e r  s t reng th  cu to f f ,  t h a t  of f a i l i n g  t h e  fas tene rs  i n  shear o r  bending, 

shou ld  never be an e f f e c t i v e  l i m i t  on j o i n t  s t r e n g t h .  Severa l  o f  t h e  sub- 

component spec-imens suffered e x t e n s i v e  b o l t  bending and i t  i s  recommended 

t h a t  a conserva t i ve  approach t o  b o l t  s e l e c t i o n  be employed t o  a v o i d  t h i s  

phenomenon. A t tempt ing  t o  min imize f a s t e n e r  s i z e  (and w e i g h t )  s o l e l y  on t h e  

b a s i s  o f  apparent shear s t r e n g t h  may o f t e n  l e a d  t o  unexpected b o l t  bend 

f a i l u r e s .  On t h e  o t h e r  hand, exceed ing ly  c o n s e r v a t i v e  des ign p r a c t i c e s  

n u l l i f y  t h e  p o t e n t i a l  j o i n t  e f f i c i e n c i e s  t h a t  a re  a t t a i n e d  b y  c a r e f u l l y  

t a i l o r i n g  p r o p o r t i o n s .  C e r t a i n l y ,  a r e l i a b l e  method f o r  e f f i c i e n t l y  se 

b o l t  s i z e s  would be q u i t e  u s e f u l  i n  t h e  o p t i m i z a t i o n  o f  m u l t i r o w  b o l t e d  

designs. 

e c t  i ng 

j o i n t  

The loss o f  clamp-up due t o  b o l t  bending, as d iscussed i n  t h e  t e s t  r e s u l t s  

s e c t i o n ,  r e i n f o r c e s  t h e  d e s i r e  t o  avo id  t h e  b o l t  bending problem a l t o g e t h e r .  

F i g u r e  41 exp la ins  t h a t  t h e  d r a s t i c  r e d u c t i o n  i n  l a m i n a t e  b e a r i n g  s t r e n g t h ,  

due t o  t h e  loss o f  b o l t  clamp-up as a r e s u l t  o f  b o l t  bending, w i l l  occur  under 

bo th  t e n s i l e  and compressive l o a d i n g .  

b e a r i n g  s t resses as low as those f o r  s imp le  she.ar p i n s  --  o n l y  about h a l f  o f  

t h e  s t r e n g t h  f o r  t o rqued  b o l t s  o f  l a r g e r  d iameter .  

T h i s  r e s u l t s  i n  de lamina t ions  a t  l o c a l  

TENSION JOINT 
HIGH BEARING LOAD SIDE 

ELAMINATIONS DUE TO BEARING LOAD AND REDUCED 
CLAMP-UP AS A RESULT OF BOLT BENDING 

HIGH BEARING LOAD SIDE 

I \ \ 

- I 
‘ I  

COMPRESSION --- JOINT 

FIGURE 41. EFFECTS OF BOLT BENDING O N  LAMINATE B E A R I N G  STRENGTH 
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In eva lua t ing  the load de f l ec t ion  c h a r a c t e r i s t i c s  of b o l t s  i n  f i b rous  
composite laminates,  t h e  e l a s t i c  s t i f f n e s s  can be e a s i l y  ca l cu la t ed  on the 
bas i s  of the formulas given above. 
by t h e  most c r i t i c a l  p o s s i b i l i t y  -- t h e  bearing or ne t -sec t ion  f a i l u r e s  of each 

The nonlinear behavior can be determined 

LOADED HOLE 300 - 
TENSION STRENGTH- - ' \  

BEARING - - I L  
CUTOFF 200. 

member a t  t h a t  s t a t i o n  o r  f a i l u r e  of the  b o l t  i n  
b e n d i n g ) .  

C .  Ktc* = 1.64 ( c  = 0.45) 

 ROW BOLTED J O I N T  
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4-ROW BOLTED J O I N T  

5.1 PARAMETRIC STUDIES 

Several  parametr ic  s t u d i e s  were conducted t o  eva 

shear ( o r  by y i e ld ing  under  

uate the e f f e c t s  of 
v a r i a t i o n s  o r  incons is tenc ies  i n  t h e  input da ta  on the predic ted  multirow 
j o i n t  strengths from A4EJ s o l u t i o n s .  
presented i n  Figure 42 which shows graphical ly  how v a r i a t i o n s  in  the predic ted  
unloaded hole  s t r e s s  concentrat ion reduction f a c t o r  ( C )  w i l l  in f luence  s t r eng th  
p red ic t ions  f o r  m u 1  t irow j o i n t  ana lys i s .  Var ia t ions  i n  p red ic ted  unloaded 

The results of  such a study a r e  

1 
P 
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h o l e  s t reng ths  can have a s i g n i f i c a n t  e f f e c t  on u l t i m a t e  l o a d  p r e d i c t i o n s  

f o r  combined b e a r i n g  and bypass loads.  P o i n t s  A, B ,  and C r e p r e s e n t  t h r e e  

d i f f e r e n t  bypass (un loaded h o l e )  s t r e n g t h s  r e s u l t i n g  from v a r i a t i o n s  i n  t h e  

p r e d i c t e d  composite s t r e s s  c o n c e n t r a t i o n  f a c t o r  ( k t c ) .  
b e i n g  equal, t h e  induced v a r i a t i o n s  i n  m u l t i r o w  s t r e n g t h  p r e d i c t i o n s  a re  shown 

f o r  a t y p i c a l  two-row and fou r - row  j o i n t .  An i m p o r t a n t  o b s e r v a t i o n  t o  be made 

f rom F i g u r e  42 i s  t h a t  tkIe e r r o r  i n  p r e d i c t e d  j o i n t  s t r e n g t h  increases w i t h  

a d d i t i o n a l  rows o f  b o l t s .  Th i s  occurs because as  rows o f  f a s t e n e r s  a re  added, 
t h e  f a i l u r e  i s  designed t o  t a k e  p l a c e  a t  a low-bear ing,  high-bypass l o c a t i o n .  

With a l l  o t h e r  i n p u t  

I 78 

The f i g u r e  c l e a r l y  shows t h a t  t h i s  t y p e  o f  f a i l u r e  c o n d i t i o n  ( a s  i n  a &row 

j o i n t )  i s  much more s e n s i t i v e  t o  p r e d i c t e d  unloaded h o l e  s t r e n g t h s  than  a 

2-row j o i n t  case, where t h e  b e a r i n g  l o a d  i s  n e a r l y  equal  t o  t h e  bypass l oad .  

S i m i l a r  s tud ies  were conducted t o  determine t h e  s e n s i t i v i t y  o f  rnu l t i r ow  j o i n t  

s t r e n g t h  p r e d i c t i o n s  t o  v a r i a t i o n s  i n  l o a d - d e f l e c t i o n  c h a r a c t e r i s t i c s .  The 
e l a s t i c  spr ings r a t e s  were measured e x p e r i m e n t a l l y  f o r  a l l  o f  t h e  loaded h o l e  

a n c i l l a r y  tes ts ,  and an apparen t l y  h i g h  l e v e l  o f  s c a t t e r  among i d e n t i c a l  

specimens was observed. Var ious a n a l y t i c a l  s o l u t i o n s  f o r  t h e  u l  t i m a t e  loads 
o f  j o i n t s  i n  t h e  c o n f i g u r a t i o n s  o f  t h e  JT4 and JT8 specimens were performed 

and t h e  e l a s t i c  b o l t  f l e x i b i l i t i e s  were v a r i e d  among s o l u t i o n s  w i t h i n  t h e  

range o f  s c a t t e r  encountered i n  o u r  a n c i l l a r y  t e s t  program. 

p r e d i c t e d  j o i n t  s t r e n g t h  were about 6 p e r c e n t  f r o m  t h e  average of t h e  JT4 

specimen, and about 2 pe rcen t  f o r  t h e  JT8 specimen. 

V a r i a t i o n s  i n  

The p r i n c i p a l  message f r o m  these s t u d i e s  i s  t h a t  t h e  importance of develop ing 

accurate,  r e a l i s t i c  i n p u t  da ta  f o r  t h e  A4EJ program shou ld  n o t  be over looked.  

The a n a l y s t  must have a complete understanding o f  t h e  e m p i r i c a l  d a t a  on which 

t h e  m u l t i r o w  s o l u t i o n s  w i l l  be based b e f o r e  a t t e m p t i n g  more complex analyses. 
If severa l  parameters a re  s u s c e p t i b l e  t o  s u b s t a n t i a l  v a r i a t i o n ,  t h e  a n a l y t i c a l  

s o l u t i o n s  must r e f l e c t  t h i s  i f  a c o n s e r v a t i v e  s o l u t i o n  i s  des i red .  



6.0 PRELIMINARY SUBCOMPONENT JOINT STRENGTH ANALYSIS 

0.50 IN. 

Preliminary evaluations of various joint  concepts and  geometries were performed 
using the A4EJ computer program before final decisions were made f o r  subcomponent 
jo in t  designs. Most of this  work was done prior t o  the completion of ancil lary 
testing. Hence, the empirical base (on  which A4EJ heavily r e l i e s )  was limited 
t o  d a t a  from prior t e s t  programs of limited scope and other material systems. 
Nevertheless, these e f for t s  demonstrated the effectiveness of the A4EJ program 
as a preliminary design tool .  

In  order to determine the most eff ic ient  des gn concepts, studies were made t o  
I evalute the effect  of jo in t  configuration on bol t  load dis t r ibut ion and overall 

I performance. The resul ts  of one such study s presented in Figure 43 examining 
four basic j o i n t  concepts. Despite a natural inclination t o  expect the scarf 
jo in t  (Configuration A )  t o  be the most e t t i c i en t ,  i t  was actually shown t o  be t h e  
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weakest, as well as the most d i f f i cu l t  t o  manufacture and assemble. T h a t  
conclusion should also be true for metal alloy constructions. 
jo in t  failed basically because the thickness of the skin was reduced below 
nominal before the f i r s t  fastener s ta t ion was reached. (Obviously, one 
could counter t h a t  loss of area by a local buildup in the vicinity of the jo in t ,  
b u t  a l l  of the concepts could be improved by the s t r e s s  reduction associated 
with local reinforcement of the jo in t  area.)  
outermost rows of bolts in the scarf jo in ts  transfer less load t h a n  i s  
carried by the inter ior  bolts.  Tha t  i s  caused by the reduced s t i f fness  
associated with the local thinning of the skin and spl ice  plates.  

The scarf 

I t  should be noted t h a t  the 

The jo in t  w i t h  uniformly thick spl ice  plates (Configuration B, Figure 43) was 
predicted t o  perform surprisingly well, and actually did in subsequent sub- 
component joint t e s t s .  
spl ice  plates was predicted t o  be the most e f f ic ien t  jo in t  design. 
t e s t s  substantiated this  resu l t ,  despite premature fai lures  as a resu l t  of 
delaminations in tapered spl ice  members. 
splice design and fabrication method should eliminate th i s  phenomenon and  
further verify the predicted superiority of this design. Nevertheless, in 
consideration of the interlaminar weaknesses asso iated with tapered members, 
the simple uniform jo in t  should be looked upon as one of the two most viable 
candidate designs for  fibrous composite construct on.  Certainly, the absence 
of c r i t i ca l  interlaminar s t resses ,  as in metallic construction, should make the 
jo in t  with uniform skin and tapered spl ice  plates the best candidate. 

The combination of a uniform skin and reinforced tapered 
Structural 

The development of an improved tapered 

The use of tapered splice plates without an increase in thickness a t  bolt  row 
Number 4 (greater t h a n  one-half the skin thckness) obviously cannot represent 
an improvement over the strength with uniform splices since tapering transfers 
more load t o  the most c r i t i ca l  fasteners,  nearest t o  the middle of the spl ice  
plates where the skins b u t t  together. A comparison of gross-section s t ra ins  for  
Configurations B and C in Figure 43 i l l u s t r a t e s  t h i s  phenomenon. 
increase in thickness of  the tapered spl ice  plates i s  needed n o t  only because 
of the extra load transferred t o  those bolts b u t  also because the spl ice  plate  
j o in t  allowables are weaker t h a n  those of the skin when the skin i s  sandwiched in 
double shear. 

A re la t ive  
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The s u p e r i o r i t y  o f  t h e  th i ckened  tape red  s p l i c e  members of C o n f i g u r a t i o n  D 
i n  combinat ion w i t h  a un i form s k i n  can be e x p l a i n e d  e a s i l y .  The g r e a t e s t  

s t r e n g t h  i s  o b t a i n e d  by  maximiz ing t h e  bypass l o a d  a t  t h e  outermost row 

o f  f a s t e n e r s  - -  t h a t  i s ,  t h e  f i r s t  row of f a s t e n e r s  i n  t h e  s k i n  (Row 1 i n  
F i g u r e  43) -- and t h i s  i n v o l v e s  decreasing t h e  b e a r i n g  l o a d  a t  t h a t  l o c a t i o n  

i n  o r d e r  t o  maximize t h e  bypass load, which r e p r e s e n t s  t h e  sum o f  a l l  o f  t h e  

o t h e r  b o l t  loads f o r  Rows 2, 3 and 4. 

i n  F i g u r e  44, which shows t h a t  t h e  o n l y w a y  a m u l t i r o w  j o i n t  can be more 

e f f i c i e n t  t han  t h e  optimum s ing le - row j o i n t  i s  by  m i n i m i z i n g  t h e  b e a r i n g  

s t r e s s  a t  t h e  c r i t i c a l  row o f  f a s t e n e r s  and f u r t h e r  s e p a r a t i n g  t h e  b o l t s  

( t h a t  i s ,  i n c r e a s i n g  t h e  w/d r a t i o ) .  
t h e  des ign  i s  governed by maximiz ing t h e  t o t a l  l o a d  ( o r  g r o s s - s e c t i o n  s t r a i n )  

i n  t h e  s k i n  a t  t h e  f i r s t  row of f a s t e n e r s  (Row 1) w h i l e  n o t  caus ing a 

premature f a i l u r e  i n  e i t h e r  t h e  s k i n  o r  s p l i c e  a t  t h e  l a s t  row o f  f a s t e n e r s  

(Row 4 ) .  

This des ign  ph i l osophy  i s  r e f l e c t e d  

The sequence o f  i t e r a t i o n s  i n  o p t i m i z i n g  

S ince  t h e r e  i s  no bypass l o a d  i n  t h e  s k i n  a t  t h e  l a s t  row o f  f a s t e n e r s ,  
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i t  i s  desirable t o  maximize the load t ransfer  there t o  relieve the load 
on the f i r s t  row. 
t o  tolerate  the combination of maximum bearing a n d  bypass loads a t  Row 4 .  
A larger diameter fastener for the l a s t  row of bolts o r  a smaller one f o r  the 
f i r s t  row, where the splices are thinnest ,  will often be of assistance in 
th i s  optimization process. 
fasteners i s  worth incurring t o  maximize the efficiency of the large, heavy 
skins. 
minimizing the weight of the splices and fasteners.  

Only local reinforcement i s  needed in the spl ice  plates 

Any small extra weight in the splices or 

I t  i s  wrong t o  evaluate sp l ice  efficiencies only on the basis of 

As previously s ta ted,  the f inal  configuration9 of subcomponent j o in t  specimens 
were based on A4EJ solutions using input d a t a  from prior t e s t  programs. After 
the completion of the ancil lary t e s t  program, the subcomponent jo in t  designs 
were re-analyzed with more appropriate input d a t a  from the single hole t e s t s .  
In some cases, t h e  difference in mechanical properties and notched strength 
levels between the Ciba-Geigy 914/T300 material a n d  other materials for which 
data was available indicated t h a t  the subcomponent design proportions would 
n o t  make the most eff ic ient  use of the material. Such an analysis i s  displayed 
in Figure 45 where the i n i t i a l  design of the 8-bolt tension jo in t  was re-analyzed 
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u s i n g  updated i n p u t  data.  The r e s u l t s  showed t h i s  c o n f i g u r a t i o n  t o  be 

b e a r i n g  and b o l t  c r i t i c a l ,  and t h a t  t h e  c e n t r a l  s k i n  member was n o t  b e i n g  

used e f f i c i e n t l y .  
i n  b o l t  d iameters,  

F i g u r e  45. 
m o d i f i c a t i o n .  

Th is  j o i n t  was then  re-analyzed w i t h  a 1/16 i n c h  i n c r e a s e  
t h e  r e s u l t s  of which a re  shown t o  t h e  r i g h t  s i d e  o f  

A 16 p e r c e n t  i nc rease  i n  j o i n t  s t r e n g t h  was p r e d i c t e d  f o r  t h i s  

Such comparat ive analyses were performed f o r  many j o i n t  c o n f i g u r a t i o n s .  

o f  t h e  8 - b o l t  j o i n t  specimens d iscussed above was reworked t o  t h e  s i z i n g  shown 

t o  t h e  r i g h t  o f  F i g u r e  45, b u t  t h e  premature d e l a m i n a t i o n  f a i l u r e  o f  t h e  

tape red  s p l i c e  members p reven ted  t h e  specimen f r o m  approaching i t s  p o t e n t i a l  

s t r e n g t h  ( r e f e r  t o  F i g u r e  17) .  

impor tance o f  u s i n g  s u i t a b l e  s i n g l e - h o l e  d a t a  t o  fo rm t h e  e m p i r i c a l  base f r o m  
which A4EJ m u l t i r o w  j o i n t  s o l u t i o n s  a r e  performed. 

One 

I n  any case, t h i s  e x e r c i s e  demonstrated t h e  
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7.0 ANALYSIS/TEST CORRELATION 

Subcomponent j o i n t  analyses were performed f o r  a l l  specimen c o n f i g u r a t i o n s  

i n  advance o f  s t r u c t u r a l  t e s t s .  I n  some cases, where a new o r  u n a n t i c i p a t e d  

f a i l u r e  mode was encountered, t h e  a n a l y t i c a l  s o l u t i o n s  were r e v i s e d  t o  

account f o r  t h e  v a r i a t i o n  i n  j o i n t  performance. P r e d i c t i o n s  o f  j o i n t  

u l t i m a t e  load and s t r a i n  l e v e l s  were made u s i n g  t h e  A4EJ program w i t h  i n p u t  

d a t a  generated from t h e  a n c i l l a r y  t e s t  r e s u l t s  and a s s o c i a t e d  semi -emp i r i ca l  

methods. 

r a t i o n s  o f  subcomponent j o i n t  t e s t s .  

Appendix B con ta ins  t h e  a n a l y s i s  r e s u l t s  f o r  t h e  f o u r  b a s i c  c o n f i g u -  

The f o l l o w i n g  s e c t i o n s  d iscuss t h e  c o r r e  a t i o n  between t h e  a n a l y s i s  and t e s t  

r e s u l t s  f o r  t h e  e n t i r e  s e r i e s  o f  t e s t s .  U l t i m a t e  l o a d  comparisons a re  made 

d e s p i t e  t h e  premature f a i l u r e s  o f  severa specimens due t o  unexpected modes 

o f  f a i l u r e .  F o r  those specimens equipped w i t h  s t r a i n  gages a long t h e  l e n g t h  

o f  t h e  j o i n t ,  comparisons a re  made between t h e  t e s t e d  and p r e d i c t e d  b o l t  l o a d  

d i s t r i b u t i o n s  throughout  t h e  t e s t .  

I n  genera l ,  good c o r r e l a t i o n  i s  shown between t h e  v a r i o u s  a n a l y s i s  p r e d i c t i o n s  

and t e s t  r e s u l t s .  

p r e d i c t i o n  o f  m u l t i r o w  b o l t e d  composi te j o i n t s  a re  p o s s i b l e ,  a l t hough  t h e r e  

i s  s t i l l  much t o  be l ea rned  about t h e  performance o f  m u l t i r o w  b o l t e d  j o i n t s  n 

composites and t h e  e x t e n t  t h a t  each o f  t h e  v a r i o u s  parameters c o n t r i b u t e  t o  

t h a t  performance. I t  shou ld  be no ted  t h a t  most o f  t h e  t e s t e d  weaknesses wer 

found t o  be i n  t h e  s p l i c e  p l a t e s ,  which have lower  a l l owab les  than  t h e  s k i n s  

w i t h  b e t t e r  clamp-up, and i n  excess ive bending o f  many o f  t h e  b o l t s .  I n  t h e  

case o f  t ens ion  loadings,  t h e  s p l i c e  p l a t e  weaknesses shou ld  be e l i m i n a t e d  w i t h  

improved design and manu fac tu r ing  techniques.  Fo r  compression l o a d i n g  i t  

appears t h a t  t h e  s t r e n g t h  and performance o f  e x t e r n a l  s p l i c e  members w i l l  

u s u a l l y  determine t h e  o v e r a l l  j o i n t  compression s t r e n g t h .  One key t o  
s t r u c t u r a l l y  e f f i c i e n t  b o l t e d  j o i n t s  i n  f i b r o u s  composites i s  a low work ing  

s t r e s s  i n  bear ing which p e r m i t s  max im iza t i on  o f  t h e  bypass s t r e s s  and hence 

t h e  t o t a l  s t resses i n  t h e  j o i n t .  

s u f f i c i e n t  diameter t o  n o t  bend under t h e  a p p l i e d  l oads .  

The r e s u l t s  o f  t h i s  s tudy  have i n d i c a t e d  t h a t  accu ra te  

Another i s  t o  use s t i f f  b o l t s  hav ing  a 

84 



7.1 4-BOLT TENSION AND COMPRESSION 

The 4 - b o l t  j o i n t  was t h e  s i m p l e s t  c o n f i g u r a t i o n  o f  t h e  subcomponent specimens 

and was a c c o r d i n g l y  t h e  s i m p l e s t  t o  analyze. 

s p l i c e  t h i c k n e s s  equals one-hal f  t h e  th ickness o f  t h e  c e n t r a l  b lade,  each 

row o f  b o l t s  w i l l  c a r r y  one-hal f  t h e  t o t a l  load. 

o u r  t e s t  were r e i n f o r c e d  w i t h  respec t  t o  t h e  s k i n ,  t h e  s l i g h t  s t i f f n e s s  

imbalance f o r c e s  t h e  o u t e r  rows of b o l t s  t o  c a r r y  more t h a n  t h e  i n n e r  rows. 

The r e s u l t s  o f  t h e  A4EJ s o l u t i o n  i n  Appendix B c o n f i r m  t h i s  phenomenon. 

I n  a two-row j o i n t  where t h e  

S ince  t h e  s p l i c e  p l a t e s  i n  

The most i n s t r u c t i v e  way t o  examine t h e  c o r r e l a t i o n  between t e s t  r e s u l t s  and 

a n a l y s i s  s o l u t i o n s  i s  through t h e  use o f  t h e  bear ing-bypass f a i l u r e  envelope 

f o r  t h e  c r i t i c a l  l o c a t i o n  i n  t h e  j o i n t .  

f o r  t h e  c r i t i c a l  p o s i t i o n s  i n  t h e  4 - b o l t  subcomponent j o i n t  under t e n s i o n  and 

compression l o a d i n g .  The a n a l y t i c a l l y  p r e d i c t e d  s t r e n g t h s  a r e  i n d i c a t e d  

E L ~ U I I ~  w i til t i l e  d i t u d l  

These curves a re  p o t t e d  i n  F i g u r e  46 

UI u i  j u f r i t  t e s t  specimei-is. 

2-ROW TENSION AND COMPRESSION SPECIMENS 

d = 0.50 i n ,  w = 2.15 i n ,  tskin = 0.832 i n ,  tsplice = 0.50 i n  ( x2 )  

Compression Tes t  100 Tension Tes t  
SD l i ce  P l a t e  C r i t i c a l  Center S k i n  C r i t i c a l  

Bear ing  Load 
(1000 Lb) 

JT4CF #2 Tes t  
Pult = 75,400 Lb P r e d i c t i o n  

_ _  60 JT4IF # 1  Tes t  

JT4CF#1 Test 

JT4IF#2 Test 

Lb 

Lb 

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 

BYPASS LOAD (1000 Lb )  
(Compression) (Tens i on )  

BYPASS LOAD (1000 Lb)  

FIGURE 46. 4-BOLT JOINT BEARING-BYPASS FAILURE ENVELOPES 
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For tension loading, a net-section f a i lu re  was predicted in the skin a t  
the outer row of bolts with an ultimate load of 69,809 pounds and a gross 
section strain of 0.0042. Note t h a t  the analysis does predict t h a t  s l igh t ly  
more bearing load t h a n  bypass load occurs a t  the c r i t i c a l  fastener location 
which i s  t o  b e  expected, as discussed above. I t  would appear from Figure 46 
t h a t  there was very good correlation between the analysis predictions and 
t e s t  results,  b u t  the c luster  of t e s t  resul ts  plotted close t o  the predicted 
strength were actually fastener fa i lures  result ing from the excessive bolt 
bending suffered by these specimens. 
(gross section s t ra in  of 0.005) was a net-tension f a i lu re  as predicted. 

Only the tested f a i lu re  a t  74,500 pounds 

A number of factors may have contributed t o  th i s  higher-than-predicted strength. 
There may be some inherent conservatism in the predicted s t ress  concentration 
factors because of the differences between the t e s t  coupons a n d  actual s t ructure  
as previously mentioned. 
nuts on  one JT4CF specimen, the bolt f a i lu re  mode was suppressed long enough 
t o  allow the tension f a i lu re  t o  occur a t  a higher strength. 
the specimen did experience severe bolt bending ( re fer  t o  Figure 1 4 )  which may 
have favorably modified the bolt  load dis t r ibut ion,  thus permitting a higher 
fa i lure  load. 

By changing t o  large tension nuts as opposed t o  shear 

Nevertheless, 

The &bolt  j o i n t  analysis for  compression loading was revised after-the-fact 
t o  concur with the l a t e s t  version of the bearing-bypass interactions for  u n -  
supported joint  members. The concept involves compression fa i lures  in 
external splice members induced by the i n i t i a l  delaminations occurring a t  
bolt  holes loaded t o  the bearing yield s t ress  of the laminate. 
behind this i s  explained in the ensuing discussion of the 12-bolt j o i n t .  

The principal 

The predicted compression fa i lure  load of 64,937 pounds in Figure 46 
corresponds to a compression fa i lure  o f  the spl ice  plates a t  the inner row 
of fasteners. A comparison of th i s  analysis resul t  with actual t e s t  cases 
i s  academic because o f  the great difference in f a i lu re  modes. Compression 
fai lures  of t h e  larger multirow jo in ts  are more readily comparable t o  the 
analysis solutions. 
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7.2 8-BOLT TENSION AND COMPRESSION 

A l l  o f  t h e  t e s t e d  f a i l u r e s  of t h e  8 - b o l t  t e n s i o n  j o i n t s  were caused by  t h e  

premature de lamina t ions  of t h e  s p l i c e  members as desc r ibed  e a r l i e r .  Because 

t h i s  mode o f  f a i l u r e  was n o t  a n t i c i p a t e d ,  a d i r e c t  comparison o f  t e s t e d  and 

p r e d i c t e d  f a i l u r e  loads must be examined w i t h  due c o n s i d e r a t i o n  t o  t h e  

d i f f e r e n c e s  i n  f a i l u r e  mode. The bear ing-bypass f a i l u r e  envelopes f o r  t h e  

p r e d i c t e d  c r i t i c a l  l o c a t i o n s  under t e n s i l e  and compressive loads a r e  

p resen ted  i n  F i g u r e  47. For t h e  t e n s i o n  j o i n t ,  none of t h e  t e s t  specimens 

reached t h e i r  a n a l y t i c a l l y  p r e d i c t e d  s t reng ths .  The a n a l y s i s  p resen ted  on 

t h e  l e f t  s i d e  o f  F i g u r e  45 desc r ibes  the  k i n d  o f  performance expected f rom 

t h i s  j o i n t .  Desp i te  t h e  e x t e r n a l  s p l i c e  de laminat ions,  t h e  t e s t e d  j o i n t s  d i d  

show s u b s t a n t i a l  b e a r i n g  de fo rma t ion  and b o l t  bending as i n d i c a t e d  by  

F i g u r e  18. I n  f a c t ,  t h e  u t l i m a t e  l o a d  p r e d i c t i o n  was made w i t h  some i n t r i n s i c  

u n c e r t a i n t i e s  because o f  t h e  p o t e n t i a l l y  i r r e g u l a r  o r  i n c o n s i s t e n t  performance 
assoc ia ted  w i t h  so much p l a s t i c  ( n o n l i n e a r )  behav io r .  The improved des ign 

w i t h  an i n c r e a s e  i n  b o l t  s i z e  (JT8CF-515) d i d  n o t  show an improvement o v e r  

t h e  specimens t e s t e d  i n  t h e  o r i g i n a l  c o n f i g u r a t i o n  ( d e s p i t e  t h e  c o n s i d e r a b l e  

r e d u c t i o n  i n  n o n l i n e a r  b e h a v i o r )  because o f  t h e  s p l i c e  d e l a m i n a t i o n  phenomenon. 

4-ROW TENSION AND COMPRESSION SPECIMENS 

dl-3 = 0.375 i n ,  d4 = 0.4375 i n ,  w = 2.15 in,  tskin = 0.832 i n ,  tsplice = 0.50 i n  (12) 

Compression J o i n t  
S p l i c e  P l a t e  C r i t i c a l  I Bearing Load Tension J o i n t  f (1000 Lb) Central  Sk in C r i t i c a  

t 8o 
JT8CF#1 Test 
Pult = 70,100 Lb 

JT8IF Test JT8CF#3 Test JC8IF Test 

P r e d i c t  i o n  

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 
BYPASS LOAD (1000 Lb) 
(Compression) (Tens i on )  

BYPASS LOAD (1000 Lb) 

FIGURE 47. 8-BOLT JOINT, BEARING-BYPASS FAILURE ENVELOPES 
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The JC8CF and JC8IF compression jo in t  strengths are plotted with the 
analysis solution t o  the l e f t  in Figure 47.  
i s  uncertain again because of the extensive nonlinear behavior and the 
introduction of a re la t ively new mode of f a i lu re  in compression. 
case, the joint  t e s t s  exceed the predicted strength when limited by the 
diagonal line of Figure 47 which represents a constant bearing yield s t ress  
condition. 
nonlinear behavior may have contributed t o  these differences. I t  will be 
shown t h a t  such analysis solutions were found t o  be more accurate for the 
larger joints where much less p las t ic  deformation took place in the bolts 
or around the fastener holes in the jo in t  members. 

The accuracy of the prediction 

In th i s  

Radical changes in the bolt load distribution with such extensive 

Three of the JT8 specimens were s t ra in  gaged along the length and  on e i ther  
side of each member (Figure 48). 
specified increments of applied load. 
detailed comparison of the t e s t  resul ts  with our analysis predictions in terms 
of the bolt load distribution t h r o u g h o u t  the t e s t .  

Readings were taken during the t e s t  a t  
These s t ra in  gage readings permit a 

I I  I 
I I I I  1 1  I I  I I  

I I I I I  I I I  i i  I I  I 
I [ I I  

I I 1  
I 

ANALYSIS 
STATION # 1 2 3 4 5  6 7 8  9 10 1 1  12 1 3  

BOLT # 0 0 3 @ 

FIGURE 48. T A P E R E D  JOINT - STRAIN GAGE LOCATIONS 
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The A4EJ computer program i s  capable of s o l v i n g  for the j o i n t  internal loads 
for  a given applied load, as well as solving f o r  the jo in t  ultimate load. An 
i t e ra t ive  solution was performed a t  each applied load level t h a t  a reading 
was taken. 
the 8-bolt tension t e s t s .  
the surface delaminations of  the spl ice  members were believed t o  be affecting 
the strain gage readings. 

This analysis has been compared t o  the t e s t  resul ts  from one of 
The comparison was made up  t o  the p o i n t  a t  which 

Some data reduction of the raw strain gauge d a t a  was required t o  f a c i l i t a t e  
the comparison. 
Young's modulus was calculated for  each load increment. The load level a t  
each gage was then calculated using the s t ra in  readings, Young's modulus, 
and the gross area a t  the center of the gage. 
adjusted to  account for eccentr ic i t ies  and variations i n  the s t r e s s  distributions 
across the width i n  the gross-sections between the bolts.  
made equally t o  the readings from b o t h  members such i h d i  ihe SUI-1-1 o f  t h e  

skin a n d  spl ice  plate  loads must equal the jo in t  applied load a t  any given 
location a long  the jo in t .  

From the s t ra in  readings i n  the gross section of each member, 

The load levels were then 

This adjustment was 

The analysis shows good correlation w i t h  

Slight differences i n  the predicted bear 
load irdrijier-.r'ed a i  each b ~ : t  th i -o i ighoi t  

the t e s t  resul ts  for  the amount of 
the t e s t  as ShCWT: 

ng yield p o i n t  do n o t  have a 
'n 5 g u r e  49. 

theory. 
butions will 

s ignif icant ly  adverse e f fec t  o n  the correlation between t e s t  and 
Similar comparisons between tested a n d  predicted bolt load d i s t r  
be presented for  the larger 24-bolt j o i n t .  
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8 BOLT DOUBLE LAPPED TAPERED JOINT - JT81F -501 
60 

50 

40 
J O I N T  
APPLIED 
LOAD 
(LB lo3)  

30 

20 

10 

0 

BOLT #l 1. BOLT 12 BOLT #3 BOLT #4 

ROX.  8200 LB 

0 10 2010 10 20/0 10 2010 10 20 
BOLT LOAD (LB x 103) 

FIGURE 49. 8-BOLT JOINT LOAD DISTRIBUTION - TEST V S  ANALYSIS 

7.3 12-BOLT TENSION 

The 1 2 - b o l t  j o i n t  was e s s e n t i a l l y  a sca led  up v e r s i o n  o f  t h e  4 - b o l t  specimen. 

As  i n  t h e  4 - b o l t  j o i n t ,  t h e  t o t a l  t h i c k n e s s  o f  t h e  s p l i c e  p l a t e s  exceeded 

t h a t  of the sk in ,  so t h a t  more l o a d  would be t r a n s f e r r e d  a t  t h e  outermost  

row o f  f as tene rs  and t h e  c r i t i c a l  member would t h e r e f o r e  be t h e  s k i n  and 

n o t  a s p l i c e  member. 

Both t h e  t e s t  r e s u l t  f o r  t h e  JT12CF specimen and t h e  a n a l y s i s  p r e d i c t i o n s  
con f i rm  t h i s .  

bearing-bypass envelope shown i n  F i g u r e  50, which a l s o  shows t h e  e x c e l l e n t  
agreement between t h e  t e s t  r e s u l t  and t h e  p r e d i c t e d  u l t i m a t e  l oad .  

through- the-hole f a i l u r e  had been p r e d i c t e d ,  and t h a t  i s  c o n s i s t e n t  w i t h  t h e  

The j o i n t  s t r e n g t h  a t  t h e  c r i t i c a l  l o c a t i o n  i s  l i m i t e d  by t h e  

A t e n s i o n -  
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2-ROW, 3-COLUMN TENSION AND COMPRESSION SPECIMENS 
d = 0.75 IN., W = 9.0 IN., tSKlN = 1.0 IN., tspLlCE = 0.67 IN. (X 2)  

C O M P R E S S I O N  TEST 
S P L I C E  P L A T E  CRITICAL BEARING LOA0 t (1,000 400 LB) 

T E N S I O N  TEST 
CENTER S K I N  CRITICAL 

~ - -300  J C l Z C f  TEST / 

/ 
/ 

Put, = 354,000 LB 

\ I / 

' \ \  I ,' I 
1 \  

1 I I I I  I d/- I I I  I 

- 400 - 300 - 200 -. 100 0 100 200 300 400 5 - 500 
BYPASS L O A D  (1.000 161 
( T E N S I O N )  BYPASS L O A D  (1,000 16) 

( C O M P R E S S I O N )  

F I G K E  50. !2-!3OLT JOI??, REP.R!?r, R v ? n S c  FP.ILLRE EN?ELnPEc 

appearance of the fai led specimen shown i n  Figure 19, with a clean textbook 
fracture .  
row is  s l igh t ly  greater t h a n  the bypass load  which i s  reacted a t  the other row 
of bol ts .  
s t ress  of 100 ks i .  I t  probably should have been somewhat higher fo r  a bearing 
strength of 120 ksi in the sandwiched member rather t h a n  the 100 ksi which would 
remain applicable for  the more severely load spl ice  plates.  
refinement would n o t  a l t e r  the sloping line for  the tension-through-the-hole 
fa i lures  and would therefore n o t  affect  the predicted fa i lure  load. 
s t r a in  of 0.0042 is  impressive for  such a simple jo in t  geometry, b u t  Figure 44 
indicates t h a t  s t i l l  higher resul ts  should be attainable fo r  more e f f ic ien t  jo in t  
geometries. 

I t  should also be n o t e d  that  the bearing load a t  the c r i t i ca l  bol t  

The bearing s t ress  cutoff in Figure 50 corresponds t o  a f a i lu re  

Nevertheless, t h a t  

The fa i lure  

f i t  specimen. This t e s t  
annealed sleeves in comb 
bolt  yielding, and  would 

did 
n a t  
not 

n o t  ach 
on with 
accept 

eve 
sma 
o ad 
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The geometrically similar JT12IF specimen was tested with interference f i t  
sleeved titanium bolts instead of the solid titanium bots used in the clearance 

use of the 
ted in gross 
I t  h a d  been 

i t s  purpose because the 
l e r  titanium bolts resu 
beyond 350,000 p o u n d s .  



anticipated t h a t  the use of interference-fi t  fasteners should have increased 
the jo in t  strengths because of the improved load-sharing between the bolts.  
However, these benefits were nul l i f ied by the recurrent bolt  bending fa i lures .  

7 .4  12-BOLT COMPRESSION 

Testing of similar multirow joints in compression established t h a t  these jo in ts  
were stronger than  when loaded under tension. 
allowable ultimate compressive bearing s t resses  may be severely restr ic ted 
in the presence o f  high compressive bypass loads. 

This testing also showed t h a t  the 

Good correlation between t e s t  a n d  theory was found for  the JC12CF and JC12IF 
specimens with two rows of  3/4-inch bol ts .  
spl ice  plates and three columns of bolts in each row, having the same geometry 
as the tensi le  t e s t  specimens described above. The t e s t  resul ts  of 408,000 and 
370,000 pounds, respectively, closely agreed with the 383,922 pounds determined 
by analysis. These resul ts  are plotted on the l e f t  side of Figure 49, with 
the strength limited by the combination of bearing and bypass s t resses .  

These specimens had  uniform 

gross Fbry = f b r g  + f c  

The observed fai lure  was by delamination and compression fa i lure  of the spl ice  
plates between the innermost bol ts ,  in i t ia ted  immediately in front o f  the 
bol ts ,  where the bearing and  bypass loads combined (see Figure 2 7 ) .  
strength prediction o f  357,000 pounds (39,667 p s i )  for  this  9-inch-wide and 
1-inch-thick skin laminate h a d  been made on the basis of combined s t r e s s  
allowable of 100 ksi for  F and  the c r i t i c a l  location h a d  been anticipated 
t o  be in the skin a t  the outermost rows of fasteners.  Because of the bet ter  
clamp-up there, the jo in t  was reanalyzed with an increased allowable of 120 ks i .  
The spl ice  plate bearing allowables were accordingly reduced t o  80 ksi in 
consideration o f  the observed bearing yield s t ress  levels in splice members during 
ancil lary testing. 
the fa i l ing  l o a d  and the location of  f a i l u r e ,  

The 

b r g  

The analysis then agreed with the t e s t ,  in regard t o  b o t h  
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The f a i l u r e  of these specimens, JC12CF and  JCl?IF, suggests the exis tence of a 
new f a i l u r e  mode. 
about 60 ksi in bearing and,  in the absence of compressive bypass loads, do  
not spread catastrophical ly .  However, unless there i s  adequate clamp-up, 
as in the  middle of a sandwich, those i n i t i a l  delaminations could in te rac t  
w i t h  any compressive bypass s t r e s s e s  a n d  spread catastrophical ly .  This 
phenomenon was demonstrated by the performance of the two 12-bolt specimens. 
The lower strength of the JC12IF specimen r e l a t i v e  t o  the JC12CF j o i n t  
t e s t  resinforces t h i s  in te rpre ta t ion  since the interference f i t  b o l t s  bent 
a t  a lower load, thus decreasing the j o i n t  applied load a t  which the bearing 
yield s t r e s s  and associated compression f a i l u r e  i s  reached. 

The i n i t i a l  delaminations of a pin-loaded hole occur a t  

7.5 24-BOLT TENSION 

This 24-bolt specimen had  tapered s p l i c e  plates w i t h  four rows of bo l t s  a t  
each end, i n  three columns. The t o t a l  width was 6 .0  inches a n d  the thickness 
of the skin was again 1.0 inch. The maximum and minimum s p l i c e  p l a t e  
thicknesses were 0.67 inch and 0.08 inch, respect ively.  This specimen used 
5/8-inch-diameter bo l t s  f o r  the l a s t  row i n  the skin, with the object ive 
of s t i f f e n i n g  them up t o  accept more load - the reinforced s p l i c e  p la tes  were 
not predicted t o  be c r i t i c a l  - and t o  decrease the bearing s t r e s s e s  there  
in a l l  members. All the remaining bol t s  were of 1 / 2  inch diameter. 

The f a i l u r e  load of 259,000 pounds f o r  JT24CF specimen corresponds t o  a gross- 
section s t r a i n  of 0.0047 inch in the skin a t  the f i r s t  row of b o l t s .  The 
JT24IF specimen reached a s l i g h t l y  higher load of 265,000 pounds  with a gross- 
section s t r a i n  of 0.0049. 

Actually, a s l i g h t l y  higher strength of 286,055 pounds, or a gross sect ion 
s t r a i n  of 0.0051, had been predicted. 
by delaminations s t a r t i n g  on the outside surface of the tapered s p l i c e  
p la tes ,  resu l t ing  in premature f a i l u r e  as described in the discussion of t e s t  
res ul ts  . 

The t e s t  f a i l u r e  was, in f a c t ,  tr iggered 
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Several of the 24-bolt subcomponent j o in t  specimens, including JT24CF, were 
equipped with 18 s t ra in  gages mounted along the length of the jo in t  on b o t h  sides 
of the central. skin member and  one spl ice  member in the same manner as the 
8-bolt joints.  
Additional gages were mounted away from the bolts in a l l  three members t o  
verify the lack of bending deformations. 
determined increments where loads were applied t o  jo in ts  were used t o  
calculate the bolt  load  distribution t h r o u g h  the t e s t .  
A4EJ program were r u n  a t  the same load increments t o  solve fo r  the jo in t  
internal loads in addition t o  the ultimate load solutions. 

These gages were located midway between the bolt rows. 

Strain readings taken a t  pre- 

Analyses using the 

A compar son of the t e s t  and  analysis resu l t s  for  th i s  four-row, three-column 
jo in t  i s  presented in Figure 51. 
from t h e  A4EJ solutions a t  each applied load level. 
further 
of the specimen. 

The predicted loads were taken direct ly  
The t e s t  d a t a  needed 

nterpretation because of the nonuniform strains  across the widths 
All readings a t  any one s ta t ion were adjusted by the same 

JOINT 
APPLIED 

LOAD 
(1,000 LB) 

RUNNING 

(1,000 L B / I N  
( LOAD 

(CONDITIONE0 BY 
EXTERNAL DELAMINATION 
O F  SPLICE PLATES1 PREOICTED FAILURE LOA0 - 286.000 LB TESTE0 FAILURE LOAD - 259.000 LB 

0.005 

0.004 

GROSS 
0.003 SECTION 

STRAIN 
( I N . I I N . 1  

0.002 

0.001 

BOLT LOADS (1,000 L B I  

FIGURE 51. 24-BOLT JOINT LOAD DISTRIBUTION - TEST VS ANALYSIS 
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f a c t o r  so t h a t  t h e  sum of s k i n  arid s p l i c e  p l a t e  loads would equal t h e  j o i n t -  

a p p l i e d  loads a t  any l o c a t i o n  a long t h e  j o i n t .  The t r a n s i t i o n  f r o m  l i n e a r  

t o  n o n l i n e a r  b e h a v i o r  due t o  b e a r i n g  y i e l d  a t  t h e  t h i n  end o f  t h e  s p l i c e  

p l a t e s  i s  c l e a r l y  observed a t  b o l t  row No. 1 i n  F i g u r e  51. The observed 
h i g h e r  b e a r i n g  y i e l d  i s  p o s s i b l y  due t o  a much g r e a t e r  d iamete r - to - th i ckness  

r a t i o  f o r  t hese  p a r t i c u l a r  holes,  i n  e f f e c t  g i v i n g  more clamp-up than  i n  

t h e  t e s t s  f o r  untapered specimens. 

de lamina t ions  o f  t h e  s p l i c e  p l a t e  o u t e r  p l i e s  a re  a l s o  v i s i b l e  as sudden 

v a r i a t i o n s  i n  l o a d  d i s t r i b u t i o n  a t  a j o i n t  a p p l i e d  l o a d  o f  app rox ima te l y  

200,000 pounds. 

I n  a d d i t i o n ,  t h e  e f f e c t s  o f  t h e  premature 

Compression Test 
S p l i c e  P l a t e  C r i t i c a l  

The bear ing-bypass f a i l u r e  envelopes f o r  t e n s i l e  and compressive l o a d i n g  a r e  

p resen ted  a long  w i t h  t h e  t e s t e d  s t reng ths  i n  F i g u r e  52 as a p o i n t  o f  r e f e r e n c e .  

I t  i s  f i rmly  b e l i e v e d  t h a t  a t e n s i o n  j o i n t  o f  t h i s  c o n f i g u r a t i o n  would reach 

o r  exceed t h e  p r e d i c t e d  s t r e n g t h  l e v e l  w i t h  an e f f e c t i v e l y  m o d i t i e d  s p l i c e  

p l a t e  des ign.  

Bear ing Load Tension Test 
(1000 Lb) Centra l  Skin C r i t i c a l  

--. 300 

4-ROW, 3-COLUMN TENSION AND COMPRESSION SPECIMENS 

dl-3 = 0.50, d4 = 0.625, w = 6.0 i n ,  tskin = 1.0 in ,  tsplice = 0.67 i n  ( x2 )  

L 
JT24CF Test JC24IF Test 

Pult = 302,000 Lb 

P r e d i c t i o n  
Pult = 286,055 Lb 

.-- 

400 - 300 - 200 -100 0 100 200 300 400 
BYPASS LOAD (1000 Lb) 
(Compression) (Tension) 

BYPASS LOAD (1000 Lb) 

FIGURE 52. 24-BOLT JOINT, BEARING-BYPASS FAILURE ENVELOPES 
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7.6 24-BOLT COMPRESSION 

The same phenomenon t h a t  was assoc ia ted  w i t h  t h e  1 2 - b o l t  compression 

f a i l u r e s  i s  b e l i e v e d  t o  have t r i g g e r e d  t h e  f a i l u r e  i n  t h e  compressive t e s t s  
on t h e  2 4 - b o l t  m u l t i r o w  j o i n t s  w i t h  tape red  s p l i c e  p l a t e s .  

h a v i n g  f o u r  rows o f  b o l t s  i n  t h r e e  columns, were i d e n t i c a l  t o  t h e  c o r r e s -  

ponding t e n s i l e  specimens desc r ibed  above. Specimens JC24CF and JC24IF 
f a i l e d  by massive de lamina t ions  o f  t h e  c e n t r a l  r e g i o n  o f  t h e  s p l i c e s ,  as 

shown i n  F i g u r e  29. The specimens were s t a b i l i z e d  a g a i n s t  o v e r a l l  b u c k l i n g ,  

so  t h e  f a i l u r e  i s  b e l i e v e d  t o  have been t r i g g e r e d  by t h e  combinat ion o f  h i g h  

b e a r i n g  and bypass s t r e s s e s  i n  compression. The f a i l u r e  o f  b o t h  specimens 

occurred a t  g r o s s - s e c t i o n  s t r a i n s  o f  0.0062 i n  t h e  s k i n  o u t s i d e  t h e  j o i n t ,  

i n d i c a t i n g  t h a t  t h e  t e n s i l e  s t r e n g t h  l i m i t s  a r e  more severe, a t  about 0.0050. 

These h i g h  compressive s t r a i n s ,  w i t h o u t  f a i l u r e  i n  t h e  s k i n ,  were achieved 
b y  t h e  combinat ion o f  low b e a r i n g  s t r e s s e s  (abou t  35 k s i )  i n  t h e  s k i n  and 

good clamp-up between t h e  s p l i c e  p l a t e s .  The f a i l i n g  loads o f  t h e  s p l i c e  

p l a t e s ,  297,000 and 302,000 pounds, a r e  between t h e  277,875 and 321,343 pounds 

These specimens, 

u l t i m a t e  combined b e a r i n g  s t resses  o f  60 and 70 k s i ,  

i c e  p l a t e s .  

d e r i v e d  by  a n a l y s i s  f o r  

r e s p e c t i v e l y ,  i n  t h e  sp 

The j o i n t  compression s 

r e p r e s e n t i n g  a s t a t e  o f  

y i e l d  has been shown t o  

r e n g t h  i s  l i m i t e d  by  t h e  d iagonal  l i n e  o f  F i g u r e  52, 
cons tan t  b e a r i n g  y i e l d  s t r e s s .  The p o i n t  o f  b e a r i n g  

decrease ( o r ,  occur  a t  a lower  l o a d )  w i t h  an i nc rease  

i n  t h e  degree o f  b o l t  bending.  S ince  t h e  onset  o f  t h i s  phenomenon i s  
d i f f i c u l t  t o  p r e d i c t ,  so  t h e n  i s  t h e  j o i n t  compression f a i l u r e s  which a r e  

b e l i e v e d  t o  be t r i g g e r e d  by  t h e  i n i t i a l  de lamina t ions  induced by  b o l t  

b e a r i n g  loads.  
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8.0 SPECIMEN INSPECTION AFTER TESTING 

Several of the fa i led  subcomponent joint  specimens were disassembled and 
thoroughly inspected in an attempt to  reveal any phenomena t h a t  m i g h t  enhance 
our  understanding of the jo in t  behavior and  f a i lu re  modes. 
was also used t o  identify those specimens (or parts of specimens) which were 
suff ic ient ly  undamaged t o  be uti l ized in future t e s t s .  

This procedure 

Prior t o  removal of the bol ts ,  most of the central blade members appeared 
relat ively undamaged, except for those specimens which fai led in net-tension 
th rough  the s k i n .  
local delaminations around the fastener holes, b u t  the actual cause of this  
damage i s  unclear. Several of these specimens experienced substantial bending 
of the  b o l t s ,  

from the specimens. I t  i s  uncertain as t o  how much of the damage t o  the holes 
was inf l ic ted  during testing or d u r i n g  the disassembly procedure. 
the blades were also f o u n d  t o  have several edge delaminations a long  the length 
of the j o i n t  which became vis ible  a f te r  the nuts were loosened and the clamp-up 
force$ were removed. Damage of th i s  sort was more pronounced in the inter- 
ference f i t  specimens, although one unfailed central blade from a clearance 
f i t  specimen also suffered a severe edge delamination. 

After disassembly, several center members d i d  show some 

and ar! excess i ve  amnnnt c f  f n r c e  W ; ~ S  rpqgirpd tn  rPrnnvP t h e m  

Some of 

Five blade members from JT12 and JT24 specimens t h a t  visually appeared undamaged 
were C-scanned, the resul ts  of which are shown in Figures 53 t h r o u g h  57. The 
JT12CF specimen fa i led  in net-tension th rough  the outer row of  fasteners in 
one blade member. 
shown i n  Figure 53. Damage of  some sort i s  indicated by the white areas, 
although i t  cannot be discerned from a C-scan whether the damage represents the 
delamination of a single ply or an interspersion of smaller delaminations 
distributed th rough  the thickness. 
shows damage across the w i d t h  where the  high bearing-bypass load interaction 
took place. 
( n o t  shown), so i t  i s  reasonable t o  assume t h a t  the member in Figure 53 was 
quite close t o  fa i lure  as well. 

The other side, w h i c h  remained i n t a c t ,  was C-scanned as 

The outer row of bolts (lower row, Figure 53) 

This specimen actually failed a t  that  location i n  the other blade 

The spikes or peaks a t  the edges of the holes 
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t y p i c a l l y  r e p r e s e n t  shear ing  w i t h i n  0-degree p l i e s  which i s  caused by t h e  

bypass t e n s i o n  s t r e s s  f i e l d  i n t e r a c t i n g  w i t h  t h e  l o c a l  compression f i e l d  on 

t h e  b e a r i n g  s i d e  o f  t h e  f a s t e n e r .  
i s  d i s t r i b u t e d  through t h e  th i ckness .  

I t  i s  b e l i e v e d  t h a t  most o f  t h i s  damage 

The source o f  de lamina t ions  around t h e  o t h e r  f a s t e n e r  h o l e s  i s  a l s o  s u b j e c t  
t o  s p e c u l a t i o n .  C e r t a i n l y  t h e  h i g h  bear ing  loads s u s t a i n e d  by  these j o i n t s  
may have b rough t  about some damage al though t h e  p o s s i b i l i t y  o f  de lamina t ions  

r e s u l t i n g  f r o m  f a s t e n e r  removal or f r o m  t h e  d r i l l i n g  o p e r a t i o n s  must a l s o  b e  

considered.  The specimens were n o t  C-scanned i n  advance o f  t e s t i n g .  

The r e s u l t s  o f  C-scans performed on the b lades  o f  t h e  JT12IF specimens a re  

shown i n  F i g u r e s  54 and 55. T h i s  specimen reached i t s  u l t i m a t e  l o a d  when t h e  
f a s t e n e r s  y i e l d e d  i n  bending, though the C-scans l o o k  much t h e  same as t h e  

JI  ILL^ r e s u l t s .  

p r o b a b l y  caused t h e  t h e  more s e v e r e l y  b e n t  b o l t s  e i t h e r  d u r i n g  t h e  t e s t  o r  as 
t h e  b o l t s  were removed. 

- - _ 1  e..- S i i y i r t l y  iii0i-e da iage i s  e v i d e n t  ;rour;d t h e  f a s t e n e r  he les ,  

The two b l a d e  members f r o m  t h e  JT24CF specimens were C-scanned w i t h  t h e  r e s u l t s  

shown i n  Figi;rc 56 and 5?. Once again, these f a s t e n e r  rows t h a t  were s u b j e c t e d  
t o  h i g h  l e v e l s  o f  combined bearing-bypass loads show damage i n i t i a t e d  across 

t h e  e n t i r e  w i d t h  o f  t h e  specimen. F igu re  57 shows s u b s t a n t i a l l y  more damage 
around t h e  b o l t  ho les  t h a n  shown f o r  t he  o t h e r  b lade,  and a l a r g e  s e c t i o n  
r e a c h i n g  f r o m  t h e  s i d e  edge n e a r l y  t o  t h e  c e n t e r l i n e  i s  delaminated. A l though 

t h e  d i f f i c u l t  process o f  removing t h e  b e n t  b o l t s  may have c o n t r i b u t e d  t o  

t h i s  damage, t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  specimen s i m p l y  de laminated under 

h i g h  t e n s i l e  load.  Indeed, s e v e r a l  blades f r o m  t h e  JT24 t e s t  s e r i e s  d i s p l a y e d  

s i m i l a r  de lamina t ions  throughout  t h e  th i ckness .  

s u f f e r e d  b y  t h e  i n t e r f e r e n c e  f i t  specimens suggests t h a t  t h e  b o l t  bending 
phenomenon may have c o n t r i b u t e d  t o  the problem. 

damage i n  what were seemingly undamaged p a r t s  i n d i c a t e s  t h a t  more a t t e n t i o n  

t o  t h i s  phenomenon i s  war ran ted  i n  fu tu re  t e s t s .  

The more e x t e n s i v e  de lamina t ions  

I n  any case, t h e  onse t  of such 
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9 .0 CONCLUSIONS 

The p r ime  c o n c l u s i o n  t o  be  drawn f r o m  t h i s  i n v e s t i g a t i o n  i s  t h a t  i t  i s  

p o s s i b l e  t o  make r e l i a b l e  s t r e n g t h  p r e d i c t i o n s  f o r  l a r g e  m u l t i r o w  b o l t e d  
j o i n t s  i n  f i b r o u s  composite laminates.  Not a l l  geometr ies o r  l o a d  c o n d i t i o n s  

have been covered y e t ,  and t h e  t e s t i n g  d u r i n g  t h i s  i n v e s t i g a t i o n  has r e v e a l e d  

new f a i l u r e  modes, p a r t i c u l a r l y  f o r  compressive l oad ing .  Wi th  e f f i c i e n t  
j o i n t  design, g r o s s - s e c t i o n  s t r a i n s  i n  t h e  b a s i c  s k i n  laminates can reach 

0.005, which rep resen ts  a c o n s i d e r a b l e  improvement ove r  t h e  p r i o r  s t a t e  of 
t h e  a r t ,  even f o r  o n l y  room-temperature t e s t s .  

The most e f f i c i e n t  j o i n t s  have u n i f o r m  u n r e i n f o r c e d  s k i n s  t o  maximize t h e  

q u a l i t y  of t h e  laminates and t o  p e r m i t  s t r a i g h t f o r w a r d  and b o l t e d  r e p a i r s  i n  

s e r v i c e ,  i n  combinat ion w i t h  r e i n f o r c e d  tape red  s p l i c e  p l a t e s .  Other  j o i n t  

geometries have been shown t o  b e  l e s s  e f f i c i e n t ,  b o t h  by a n a l y s i s  and t e s t .  

The key t o  o b t a i n i n g  h i g h  o p e r a t i n g  s t r a i n s  i n , b o l t e d  j o i n t s  i n  f i b r o u s  
composi te laminates i s  i n  r e s t r i c t i n g  t h e  b o l t  b e a r i n g  s t r e s s e s  i n  t h e  most 

c r i t i c a l l y  loaded l o c a t i o n s .  The a b i l i t y  t o  do t h i s  depends on t h e  a v a i l a -  

b i l i t y  o f  a good load -sha r ing  a n a l y s i s ,  such as t h e  A4EJ program, and s u f f i c i e n t  

t e s t  da ta  t o  p r o v i d e  t h e  i n p u t .  The n o n l i n e a r  c a p a b i l i t y  o f  t h e  program, 

p e r m i t t i n g  some b o l t s  t o  f a i l  i n  b e a r i n g  b u t  s t i l l  c a r r y  loads w h i l e  o t h e r s  

accept more, i s  b e l i e v e d  t o  be necessary f o r  accu ra te  u l t i m a t e  s t r e n g t h  
p r e d i  c t  ions.  

The f a i l u r e  o f  most e f f i c i e n t l y  designed m u l t i r o w  b o l t e d  j o i n t s  i s  governed 

by bear ing-bypass l o a d  i n t e r a c t i o n s  i n  t e n s i o n  and compression and cannot be 
e x p l a i n e d  adquate ly  on t h e  b a s i s  of separate b e a r i n g  and n e t - s e c t i o n  

a l l owab les .  

of t h rough- the - th i ckness  clamp-up f o r  b o t h  t e n s i l e  and compressive l oads .  

There i s  a l s o  a s t r o n g  i n f l u e n c e  from t h e  presence o r  absence 
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The j o i n t  s t r e n g t h s  a t t a i n a b l e  a re  s e n s i t i v e  t o  t h e  j o i n t  geometry as w e l l  

as t o  t h e  f i b e r  and r e s i n  employed, al though t h e y  a re  i n s e n s i t i v e  t o  o t h e r  

minor  changes i n  f i b e r  p a t t e r n  throughout  t h e  optimum design r e g i o n ,  which 

i n c l u d e s  t h e  q u a s i - i s o t r o p i c  layup.  For  HTS carbon-epoxy laminates,  t h e  

optimum w/d r a t i o  i s  on t h e  o r d e r  o f  3 f o r  s i n g l e - r o w  j o i n t s  and i s  more 

l i k e l y  t o  be i n  t h e  range o f  4 t o  5 f o r  m u l t i r o w  j o i n t s .  

The s t r e n g t h  o f  b o l t e d  j o i n t s  i n  composite l am ina tes  i s  l i m i t e d  b y  t h e  b r i t t l e -  

ness o f  t h e  35OoF cured epoxy r e s i n s .  
t h e  p l i e s  as much as p o s s i b l e  and n o t  t o  s tack  p a r a l l e l  p l i e s  t o g e t h e r .  T h i s  

program d i d  n o t  a t tempt  t o  r e s o l v e  whether 0.010- inch o r  0.005- inch tapes a re  

s u p e r i o r  - a l l  t h a t  can be s a i d  i s  t h a t  the analyses have been conf i rmed f o r  

b o t h  th i cknesses .  The more widespread delaminat ions assoc ia ted  w i t h  t h e  t h i c k e r  

p l i e s  appear t o  be of b e n e f i t  w i t h  t e n s i l e  l o a d i n g  and t o  be a t o l e r a b l e  

cou ld  e x h i b i t  q u i t e  d i f f e r e n t  b e h a v i o r  i n  t h i s  regard.  

I t  i s  t h e r e f o r e  v i t a l  t o  i n t e r s p e r s e  

I e n - l i n n ~ r  Cnrn c n m n r n n e P . t r n  
VVCUhIlCJJ I UI Lu,llpl L J J  : " L  load:'ng. Hz*;!e?ler, c t h e r  f i b e r - r e s i n  coabinat inns 

Wi th  c l o s e  f i t  ho les  (0.002-.003 i n c h  c learance)  i n  t h e  t h i c k  m a t e r i a l s  and 

p l y  p a t t e r n s  used i n  t h i s  program, spectrum f a t i g u e  b e a r i n g  loads t e s t e d  t o  
two f l i g h t  s e r v i c ~  lifetimes do n o t  seem t o  be a problem f o r  l i q h t l y  clamped 

sandwiched laminates work ing  up t o  45-67 p e r c e n t  u l t i m a t e  b e a r i n g  s t r e s s ,  

where Fbru i s  120 k s i .  

o f  t h e  bear ing/bypass i n t e r a c t i o n .  

from spect rum f a t i g u e  peak s t resses  a t  90 p e r c e n t  Fbru. 

The f a t i g u e  specimens were n o t  t e s t e d  i n  t h e  presence 

S i g n i f i c a n t  and e a r l y  h o l e  wear r e s u l t e d  

The h i g h  g r o s s - s e c t i o n  s t r a i n s  e x h i b i t e d  by t h e  b o l t e d  j o i n t s  t e s t e d  he re  

i n d i c a t e  t h a t  h i g h l y  loaded p r i m a r y  composi t e  s t r u c t u r e s  a re  f e a s i b l e ,  b u t  

r e q u i r e  more c a r e f u l  des ign  than  i s  customary f o r  d u c t i l e  me ta l  a l l o y s .  
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APPENDIX A 

SUBCOMPONENT TEST DATA 

- S t r a i n  Gage Readings 

- Load vs Head T r a v e l  Curves 
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TENSION TEST D n T A  

J T4 I F - 1 - 1 S P EC I M EN 

51 7 
1072 
1627 
21 84 
2722 
2952 
31 52 
3345 
3560 

Appl i e d  
Load ( l b )  
- 

0 
9 , 540 

19 , 080 
28 , 620 
38,160 
47 , 700 
52,470 
57 , 240 
62,010 
66 , 780 
70 , 200 

421 
844 

1288 
1760 
2249 
2488 
2746 
31 38 
3364 

Appl i e d  
Load ( l b )  

0 

9,540 
19,080 
28,62@ 
38,160 
47,700 
52,470 
57 , 24C 
62,010 
66,780 
69 , 500 

Gage 1 

0 
424 
893 

1385 
1882 
2363 
2605 
2823 
3166 
3392 

S t r a i n  R e a d i n g s  ( p )  

Gage 2 

0 
452 
933 

1429 
1943 
244 1 
2692 
2904 
3195 
3469 

Gage 3 

0 

444 
923 

1426 
1937 
2433 
2686 
2965 
3312 
3525 

U1 t i m a t e  Load 

Gage 4 

0 
440 
929 

1433 
1952 
2452 
2691 
2900 
3202 
3496 

TENSION TEST DATA 

JT4I F- 1-2 SPEC IMEN 

Gage 1 

0 

532 
1060 
1593 
21 36 
2678 
2968 
3245 
3610 
3888 

S t r a i n  R e a d i n g s  ( p )  

Gage 2 Gage 3 Gage 4 

41 3 
87 5 

1346 
1824 
2297 
2540 
2797 
3029 
3288 

A-2 
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Appl  i ed 
Load ( l b )  

0 
600 

1192 
1778 
2289 
2777 
2976 
3178 
3333 
3421 _ _  

0 
9,540 

19,080 
28,620 
38,160 
47,700 
52,470 
57,240 
62,010 
66,780 
71,600 

0 

61 9 
1208 
1795 
2289 
281 0 
301 7 
3230 
3355 
3678 

Appl i ed 
Load ( l b )  

0 
9,540 

19,080 
28,620 
38,160 
47,700 
52,470 
57,240 
62,010 
66,780 
71,600 
75,400 

TENSION TEST DATA 

JT4CF-503-1 SPECIMEN 

Gage 1 

0 

405 
878 

1388 
1865 
2403 
2665 
2963 
3342 
3889 

S t r a i n  Readings (p) 

Gage 4 

0 

464 
955 

1488 
1964 
2488 
2713 
2970 
3340 
3579 

TENSION TEST DATA 

JT4CF-503-2 SPECIMEN 

Gage 1 

0 
497 

1004 
1499 
1985 
2462 
2661 
2867 
31 40 
3395 
3597 

S t r a i n  Readings (p) 

Gage 2 

0 
525 

1038 
1559 
2072 
2575 
2848 
31 08 
3341 
3617 
3901 

Gage 3 

0 
003 

1167 
1719 
2259 
2773 
3000 
3284 
3581 
3927 
41 98 

Gage 4 

0 
538 

1065 
1576 
2077 
2568 
2833 
3066 
3394 
3679 
401 8 

U1 t i m a t e  Load 
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Appl i ed 
Load ( l b )  

0 
9 , 540 
19,080 
28 , 020 

38,160 
47,700 
52,470 
57 , 240 
62,010 
66,780 
71,300 

TENSION TEST DATA 

JT 8C F- 5 1 5 S P EC I til EN 

S t r a i n  Readings ( u )  

Gage 1 

0 
723 
1451 
2155 
2842 
3485 
3579 
3890 
4220 
5405 

Gage 2 

0 

629 
1244 
1876 
2504 
3054 
3548 
3858 
4330 
47 50 

Gage 3 

0 
041 
1238 
1895 
2447 
2954 
'321 5 
3478 
3805 
4119 

U1 t i m a t e  Load 

Gage 4 

0 

437 
828 
1204 
1579 
1940 
2144 
2323 
2507 
2698 
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Ultimate  load = 71 300 l b  

rJ1 

.05 .10 .15 .20 .30 

Head t r a v e l ,  i n .  

A - E  



TENSION TEST DATA 

JT12CF-1 SPECIMEN 

I 
Appl i e d  

Load (KIPS) I 1: 
140K 

192K 

240K 
264K 

288K 

31 2K 

336K 

I 354K 

Appl i ed 
Load ( K I P S )  

0 

48K 

96K 

140K 

192K 

240K 

264K 

288K 
31 2K 

336K 

350K 

S t r a i n  R e a d i n g s  (11) 

Gage 1 Gage 2 

A- 14 

0 

443 

88 5 
1274 

1728 

2157 

2375 

0 

51  2 

948 

1320 

1748 
2134 

2321 

Gage 3 

0 

405 

83 2 

1221 

1700 

21 36 

2353 

Gage 4 

0 

446 

879 

1263 
1727 

2142 

2337 

2601 251 5 2 570 2525 

2833 I 2699 I 2784 I 2712 

3070 I 2915 1 2399 I 2901 
U1 t i m a t e  Load 

TENSION TEST DATA 

JT12IF-501 SPECIMEN 

Gage 1 

0 

400 

800 

1172 

1629 

2062 

2270 

2474 

2689 

2943 

S t r a i n  R e a d i n g s  (11) 

Gage 2 

0 

41 5 

805 

1162 

1607 

2024 

2226 

2450 

2679 

2843 

Gage 3 

0 

348 

731 

1089 

1552 

1978 

21 80 

2393 

2626 

2878 

U1 t i m a t e  Load 

Gage 4 

0 

364 

739 

1082 

1517 

1922 

21 22 

2325 

2544 

281 6 
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Appl i ed 
Load ( l b )  

544 
1120 
1719 
2332 
2977 
3290 
37 50 

0 

9,540 
19,080 
28,623 
38,160 
47,700 
52,470 
57 , 240 
62,010 
63,400 

6 42 602 
1215 1176 
1815 1770 
2415 2361 
3059 2999 
3401 3030 
3750 3830 

COMPRESSION TEST DATA- 

JC4CF- 511 SPECIMEN 

S t r a i n  Readings ( p )  

Gage 1 

0 
-733 
1293 
1830 
2291 
2765 
3060 
3386 
4090 

Gage 2 

0 
-718 
1287 
1850 
2256 
2705 
2992 
3266 
3690 

Gage 3 

0 

-375 
858 

1301 
1771 
2260 
2545 
2841 
3304 

U1 t i m a t e  Load 

Gage 4 

0 

-355 
84 5 

1309 
1817 
2305 
2627 
3003 
3507 

COMPRESSION TEST DATA 

JC41F-507 SPECIMEN 

Appl i ed 
Load ( i b j  

9 , 540 
19,080 
28,620 
38,160 
47 , 7CO 
52 , 470 
57,240 
58 , 400 

Gage 1 

S t r a i n  Readings ( p )  

542 
1132 
1742 
2340 
2980 
3333 
3800 

A-19 
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- Ultimate load = 58 400 l b  

Compression t e s t  data 
Load versus head t ravel  
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Load versus head t ravel  
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Load versus head t ravel  
JC4CF-511 specimen 

Ultimate load = 63 400 l b  
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05 010 .15 .20 .25 .30 
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Head t ravel ,  i n .  

A-21 



H 

m 
w 
e 

0 

n 

n 

.= 
E 

0 0 0 0 0 0 0 0 0 0  
d a J N U 3 0 h e 4 O  

n r n  

A-22 

~ 



co 
4 

- 
h 
d 

- 
m 
d 

m 

4 

A-23 



n 
7 

0 
0 
0 
7 

n 
U a 
0 

-0 aJ 

7 

*I- - 
n a 
Q 

70 

60 

50 

40 

30 

20 

10 

0 

Compression tes t  da t a  
Load versus head t r a v e l  
JCSIF-509 specimen 

I I I I 1 
.05 .10 .15 .20 .25 

Head t r a v e l ,  in .  

A-24 



80 

70 

60 

50 

40 

30 

20 

10 

0 

- 

Compression t e s t  data Ultimate load = 75 000 l b  
Load versus head travel 
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COMPRESSION TEST DATA 

0 

- 309 

71  5 

1056 

1478 

1892 

2093 

2314 
2533 

2798 

3137 

Appl i ed 
Load (KIPS) 

0 

-316 

699 

1027 

1427 

1826 

2010 

2217 

2436 

271 5 

3014 

0 

48 K 

96K 

140K 

192K 

240K 

264K 

288K 

31 2K 

336K 

360K 

370K 

Appl i ed 
Load (KIPS) 

0 

48K 

96K 

140K 
192K 

240K 

264K 
288K 

312K 

336K 

360K 

384K 

408K 

JC12IF-505 SPECIMEN 

S t r a i n  Readings ( p )  

Gage 3 

0 
-377 

737 

1071 

1495 

1889 

2081 

2287 

2507 

2765 

3048 

U1 t i m a t e  Load 

Gage 4 

0 
-411 

795 

1132 

1561 

1959 

21 56 

2378 

2605 

2886 
3201 

COMPRESSION TEST DATA 

JC12CF-503 SPECIMEN 

Gage 1 

S t r a i n  Readings (p) 

Gage 2 

0 

- 287 

665 

1008 

1432 

1833 

2038 
2241 

2460 

2701 

2884 

3173 

Gage 3 

0 

-410 

81  5 

1175 

1610 

201 5 

2225 
2441 

2659 

2908 

3151 

3459 

Gage 4 

0 

-491 

91 9 

1297 
1751 

2165 

2380 
2590 

2809 

3036 

3298 

3575 

U 1  t i m a t e  Load 
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APPENDIX B 

SUBCOMPONENT J O I N T  ANALYSES 

- A 4 E J  Multirow J o i n t  S o l u t i o n s  
f o r  Each C o n f i g u r a t i o n  
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